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PREFACE

While the goal of compiling a handbook for optical material that flew on LDEF was
clear from the beginning, the process of contacting all the LDEF experimenters and gathering
the test data was a challenging task. The task of putting this information in a usable format
that would not confuse the user, let alone the authors, was also very challenging. The final
document is the result of the assistance and support of numerous people. At this time the
authors would like to give a special thanks to Jill Price and Heidi Raybould, at SAIC, for

keeping the authors on track and assembling the final document.

In order to assure that the handbook was in a usable format and had technical merit,
several colleagues were asked to review the handbook. The authors wish to thank
James Mason, NASA/Goddard Space Flight Center: Howard ierzig. NASA/Goddard Space
Flight Center; Joel Edelman, LDEF Corporation; Julian Reinheimer, Aerospace Corporation;
Wayne Stuckey, Aerospace Corporation; Sandra Gyetwvay. Aerospace Corporation;
Michael Meshishnek, Aerospace Corporation; Linda DeHainaut, Phillips Laboratory: and Dale
Atkinson, POD Associates, Inc. These reviewers had only a very short time to absorb,
analyze. and comment on this extensive docuiment. Thank you once again for taking time out

of your busy schedule to assist in reviewing this document.

™
The cover picture is used with the permission of the National Aeronautics and Space g
Administration (NASA). The picture is of the Long Duration Exposure Facility (LDEF) :
satellite, deployed on 7 April 1984, LDEF is backdropped against Florida, the Bahama Bank, _;:j:
the Gulf of Mexico and Adantic ocean. The picture was taken by the crew aboard the :
Challenger, Flight 41-C. . -“;:,D:j*"" -
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CHAPTER 1
EXECUTIVE SUMMARY

Experiments from Long Duration Exposure Facility (LDEF) have provided and will
continue to provide valuable information about the performance of space optical materials and
optical sensor design in the space environment. LDEF provided valuable data on the effects
meteoroids and debris, atomic oxygen (AQO), contamination, ionizing radiation, vacuum,

thermal cycling, and solar irradiation have on space optical experiments.

The principal investigators have not completed testing. One of the mair. impediments
in completing the reduction is the contamination of the samples. The contamination was a
result of the outgassing and decomposition of materials on the LDEF spacecraft. To
completely understand and make final conclusions about the impact the space environment
had on LDEF optical samples, it will be necessary to make additional measurements after the R

LDEF samples have been cleanced.

Despite the contamination, valuable intormation has already been obtained. This

information is sumnurized below:

. Contamination can be a major problem in space for optical systems. On the
LLDEF spacecraft contamination resulted in the complete loss of transmission
for some optical samples. The use of materials which outgas or decompose
should be avoided in the vicinity of optical components.

. Atomic oxygen degraded the optical materials that are physically soft, such as
KRS-5 and KRS-6, as well as uncoated copper and silver metallic refiectors.
Caution should be exercised when using these materials in orbits below 800 km
where atomic oxygen dominates.

. Uncoated materials were found to be quite resistant to the space environment.
. Dielectric and metallic-coated optics exhibited delamination. The probable
cause of this is thermal cycling. The use of these materials in an "athermal”

system will reduce this problem.

. Certain materials, such as ZnS, degrade in spuce.

1-1




1, Executive Summary

. Hard-coated infrared (IR) multilayer coatings performed well in the space
environment.
. Contarminated IR components which were properly cleaned showed little or no

degradation in optical properties.

This information is used to develop a set of design considerations for optical systems.
The design considerations are based on grouping the optical elements according to the
environments they will see. The three groups are benign, minimal exposure, and maximnm
exposure. Based on the LDEF results and analyses to dae, materials have been identified

which are appropriate for each exposure level.
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CHAPTER 2
INTRODUCTION

The purpose of this handbook is to provide the user a space optics design guide based
on the LDEF space optics experiments. The guide presents the data and experience learned

from the LDEF space optics experiments in one volume and in a user-friendly fashion.

LDEF was a passive satellite with no telemetry of data to the carth during the mission.
LDEF contained 57 different experiments mounted in 86 individual out-facing trays and also
on the interior of the structure. LDEF wuas placed in a 478-km altitude. 28.5%inclination
orbit. The LDEF mission was originally scheduled to last between 10 months to a year.
However, LDEI was not retrieved until after almost 5.75 years in space. During this tune the

original orbit decayed from 482 km down to 320 km.

The 57 LDEF experiments were divided by NASA into five categories: heat pipes and
thermal, materials and coatings, science. power and propulsion, and electronics and optics.
The optic experiments, the focus of this design guide. can be divided into the following areas:
refractive optics (both coated and uncoated): filters; metal filims; fiber optics: and quartz
microbalances. LDEF experiments other than the optics experiments, such as the power
experiments, provided valuable related data, especially for coating materials and thin films.
The data reduction for the optical experiments is being done by the individual experimenters.
As of the writing of this handbook, the data reduction effort was ongoing: provisions have

been made in the formatting of the handbook to allow periodic updates.

The data reported in the handbook are a ~ompilation of the data published by the
individual experimenters. The handbook is divided into seven chapters and five appendices.

The first - o chapters are the executive summary and the introduction.

Chapter 3 of the handbook is an environments summary chapter. This information is

provided for two specific reasons: (1) to understand any environmental etfects that
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contributed to the results observed so as to interpret the LDEF experimental results properly
and (2) to understand the cnvironments and their effects so as 1o apply LDEF results properly

to spacecraft design for other orbits and missions.

Chapter 4 is a compilation of the data that have been reduced and reported to date for
the LDEF optics experiments. The data are categorized by material according to the observed

effects.

Chapter 5 provides an insight into the impact the LDEF experiments, results, and
analysis have with regard to the design of space optical systems. These design guidelines are
not based on the complete data set contained in Chapter 4. A large portion of Chapter 4 data
is what happened and the complete analysis of what caused the effect on the individual
components has not been completed. In developing a list of preferred "working" components,
the biggest driver is the spacecraft self-contamination of the samples. Since this
contamination limits understanding of the real performance of the components, only optical

components which were cleaned were considered in developing this chapter.

Chapter 6 provides a more detaled discussion of the low-Earth-orbit (LEO)
microparticle environment than was given in Chapter 3, since the microparticle environment
is becoming increasingly important in the design of space subsystems. The inaterial in
Chapter 6 describes in more detail the impact flux of microparticles, the models used to
predict cratering effects on optics, and gives a brief description of the effects these craters

have on optical performance.

Chapter 7 provides a detaiied discussion of space effects on fiber optics. With the
rapid Jevelopment of photonics technology devices during the past few decades and with a
large number of light-wave systems emerging, it was deemed appropriate to provide a

detailed description of the active and passive systems and components flown on LDEF that

was separate from Chapter 4 to provide an easy reference for the users of this guide.
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Appendix A provides a description of the LDEF experiment locations and correlates
these locations to specific environments experienced. The total micrometeoroid/debris
impacts per square meter, the cumalative equivaient sun hours for cach LDEF tray row, and

the atomic oxygen fluence are shown and correlated to specific LDEF locations.
Appendix B provides a list of the experimenters and an experiment description.
Appendix C provides a list of published references.
Appendix D provides a glossary to define acronymis and other terms used i the report. ;
Appendix E is associated with Chapter 4 and contains the data graphs and photographs

published by the various LDEF experimenters to date and cited in Chapter 4 to illustrate the K

observed damage from the space environments.
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CHAPTER 3
SPACE ENVIRONMENTS

3.0 OVERVIEW

During its flight, LDEF was exposed to a number of natural space environments that
depend on the LLDEF orbit and lifetime. It is important to understand these environments for
two reasons. First, it is important to understand any environmental effects that contributed to
the results observed so as to interpret the LDEF experimental results properly. Secend. it is
important to understand the environments and effects so as to apply LDEF results properly to
spacecraft design for other orbits and missions. Because of the need to interpret the data
properly and to apply these data to spacecraft design properly, the following sections are
provided. Specific effects of these enviromments on optical materials will be discussed in

Chapter 4.

3.1 GENERAL SPACE ENVIRONMENT SPECIFICATIONS

Because a number of the space environments depend on the LDEF orbit, it is
important to identity the orbit of LDEF as precisely as possible. The LDEF was launched
into Earth orbit in April 1984. While in space, it flew in a circular orbit having an inclination
of 28.5°. The orbital altitude was inttially approximately 478 km (257 nmi). When the
LDEF was retrieved. the orbit had decayed to an altitude of approximately 320 km (179 nmi).

Table 3.1-1 (extracted from Ref. 1) shows the arbital altitude historv of LDEF.

The natural space environment has many components. Table 3.1-2 shows current
references for these environmental specifications. For the LDEF orbit. the environments of
most interest to the LDEF principal investigators are atomic oxygen, ionizing radiation,

natural meteoroids. man-made debris, ultraviolet (UV) radiation, vacuum, and microgravity.

These environments are relevant to understanding the observations in LDEF experiments and
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to extrapolating LDEF results to spacecraft designs for other orbirs. Each of these

environments is discussed briefly below.

Table 3.1-1. LDEF Orbit Mission History

LDEF MISSION DAY LDEF ALTITUDE (km)

0 478.7

300 4758

1000 469.1

1300 466.2

1500 461.5

1700 449.5

- 1300 4336
1900 412.8

2000 388.8

2050 3€8.0

2105 319.4

Some of the environments experienced by the LDEER experiments are particularly
sensitive to the LDEF tray locations.  Of particular interest are the atomic oxygen, sun hours,
and micrometeoroid/debris environments. A more detatled description of these particular

environments is provided in Appendix A to augment the more genéeral discussions that follow.
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Table 3.1-2. Natural Space Environment Specifications

ENVIRONMENT ] ENVIRONMENTAL SPECIFICATION ‘
Solar Radiation MIL-STD-1809, Paragraph 5.7
B Lunar Radiation Handbook of Geophysics and Space Envircnment, Paragraph 25.2.1.2
Earth Shine Handhook of Geophysics and Space Environment, Paragraoh 13.1.1
Earthliimb Handbook of Geophysics and Space Environment, Paragraph 13.4
Aurora Handbook of Geophysics and Space Environment, Paragraph 12.2
Zodiacal Light Handhook of Geophysics and Space Environment, Fiqures 25-3, -4, -5
Gglactic Optical Handbook of Geophysics and Space Environment, Chapter 25
ackground .
Stellar Optical Background Handbeook of Geophysics and Spa .e Environment, Table 25-10 R
Atomic Oxygen Handbook of Geophysics and Space Environment, Paragraph 21.2.5
Trapped Radiation MIL-STD-1809. Paragraph 5.1.2
Solar Flare MIL-STD-1809, Paragraph 5.1.3
Other Nuclei Fluence MIL-STD-1809. Paragraph 5.1.3.3
Galactic Cosmic Radiation Handbook of Geophysics and Space Environment, Paragraph 6.2.1.1, Figure 6-2
Meteoroids NASA SP-8013
Man-Made Crbital Debris NASA Technical Memorandum 100471
Neutral Atmosphere MIL-STD-1808, Paragraph 5.3
, i Plasma Environment MIL-STD-1809, Paragraph 5.2
Geomagnetic Field MIL-STD-1809, Paragraph 5.5
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3.2 INDIVIDUAL SPACE ENVIRONMENT SPECIFICATIONS

3.2.1 Atomic Oxygen

The LDEF was launched into Earth orbit at a time of near-minimum activity in the
Sun’s 1l-year solar ¢ycle and was retrieved almost 6 years later at a time of near-maximum
solar activity. The mean profiles for atomic oxygen number densities at solar minimum and
at solar maximum are shown in Figure 3.2-1 (extracted from Ref. 9). The upper and lower

bounds of the LDEF altitude are shown.

ATOMIC OXYGEN DENSITY PROFILES AT SOLAR MAXIMUM AND SOLAR MINIMUM
(REFERENCE: Space Environment for USAF Space Vehicles, MIL-STD-1808)

Sclar Minimum

NUMBER DENSITY (cm™)

Solar Maximum

1 1 HETUUM | 1 L i L
400 800 800 1000 1200
GEOMETRIC ALTITUDE (km)

i 1

1
200

Figure 3.2-1. Atomic Oxygen Number Densities at Solar Minimum and Solar Maximum

The day-to-mght number density ratio for aromic oxygen s approximately 25 above
S00 kmy and decreases to one at the turbopause tapproximately 100 ki, The diurnal

variation is less than a tactor of four at all altitudes and lattudes near equinox. Variations
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are small at low latitudes throughout the year. (During magnetic storms, the atomic oxygen

density shows only small variation at all latitudes.)

To understand the materials effects for LDEF experiments, the total atomic oxygen
fluence is of interest. The altitude of the flight, the orientation of the surfaces with respect 1o
the ram direction, and the extent of solar activity determine the atomic oxygen fluence. This
fluence is given as flux (atoms/cm?/sec) x exposure period (seconds), with flux defined as

number density of atomic oxygen (atoms/cm') x orbital velocity (cnvs).

From Reference 1, the history of the atomic oxygen tlux striking the leading surfaces
of the LDEF during the mission is presented in Figure 3.2-2. This tlux histery was calculated
using current upper stmospheric models, the history of the rracked LDEFE altitude, and the
monitored F - solm radiation and magnetic indexes. As can be seen, the flux during the
latter tonths of the mission was almost two orders of magnitude greater than the flux

encountered carly in the mission.

Utilizing this flux history, ihe total atomic oxygen fluence on the leading LDEF
surfaces in the ram direction was determined to be 9.09 x 107 atoms/em®. (The total atomic

oxygen fluence as a function of LDEF tray position is presented in Appendix A.)

3.2.2 Trapped Radiation

In order to function in space. satellites must contend with the effects of trapped
radiation.  As a result of carly satellite experiments, the existence of geomagnetically-trapped
particles encircling the Farth was discovered. When electrons, protons, and other charged
particies encounter the Earth’s magnetic field. the field traps many of them. They oscillate
back and forth along the lines of force, and since the magnetic field encircles the Earth, the

trapped particles completely encucle the Earth.

3-5
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¢
THISTORY OF ATOMIC OXYGEN FLUENCE ON LDEF LEADING SURFACES
. (RTFERENCE: LDEF Space Environments Overview, NASA Conference Publication 3134)
{number per cm per sec.)
1.0E415 |
b 1
o .~ LDEF
i - | Retrieval
! ]
1.0E+14 | l
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| |
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. ! - LDEF ‘
. 1.0E413 |,/ Launch |
M | |
] J
[ | I
F !
]
1.0E+12 1 1 1 L 1 I ] b
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Time
. Figure 3.2-2. History Of Atomic Oxygen Fluence On LDEF l.eading Surfaces
The so-called Van Allen belt has inner and outer portions. Both protons and electrons
permeate the toroidal-shaped volumie occupied by the Van Allen radiation belts. The protons
are most intense at approximately 4000 km (2200 miles). The electron flux peaks at
. approximately 19000 kin (9900 miles). The volume of low-panticle density separating the

inner and outer portions of the belt is often called the “slot.” Experience has shown that
space vehicles in low circalar orbit, roughly 230 km to 650 km (125-350 miles) receive an
insignificant amount of radiation from the Van Allen zones. NASA has done an extensive
amount ot modeling (based on tlight test data) to represent the radiation environments and
their variation with altitude and inclination. The most current models are the AP-8 proton
model (Ref. 2) and the AE-¥ «lectron model (Ret. 4). Figures 3.2-3 and 3.2-4 (extracted from
Refs. 2 and 4y illustrate the ommidirectional fluxes of clectrons and protons over various

altitudes and inclinations.  As seen, at altitudes below 500 km, electron fluxes are about 10

to 10" electrons/em™day and proton fluxes are about 10 1o 10" protons/eny’/day.
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The radiation belts are approximately azimuthally-symmetric, except near what is
termed the South Atlantic Anomaly. The magnetic field strength is lower than normal over
the South Atlantic because of the dipole field geometry. Therefore, the radiation belts reach
their lowest altitudes in this area. The LDEF orbit was well below the Earth’s Van Allen

radiation belts, except at the South Atlantic Anomaly.

The predicted integral fluence of the trapped electrons on the LDEF is shown in
Figure 3.2-5 (Ref. 1). The predicted trapped proton integral fluence for LDEF is shown in
Figure 3.2-6 (Ref. 1).

PREDICTED INTEGRAL FLUENCE OF TRAPPED ELECTRONS STRIKING LDEF
(REFERENCE: LDEF Space Environment Overview, NASA Conference Publication 3134)
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Figure 3.2-5. Predicted Integral Fluence Of Trapped Electrons Striking the LDEF

The primary components that contribute most to the penctrating charged particle
radiztion encountered are galactic cosmic rays and the geomagnetically-trapped Van Allen

protons. Where shielding is less than 1.0 g/em®, geomagnetically-trapped electrons also make
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a significant contribution, For the above figures {3.2-3 through 3.2-6), the siandard Vette
models (Refs. 2-4) were used (together with the associated magnetic iicld models and the
solar conditions). The geomagnetically-trapped clectrons dominated the LDEF surface

absorbed radiation dose.

UREDICTED INTEGRAT FLUENCE OF TRAPPED PROTONS STRIKING LDEF
(REFERENCE: LDEF Space Environment Overview, NASA Conference Publication 3134)

1010

109

integral Fluence {Protonsem™2>E)

.
108 ~.
i .
Y2 R IS R A
0 100 200 300 400 500 600

tnergy (MeV)

Figure 3.2-6. Predicted Integral Fluence Of Trapped Protons Striking the LDEF

Based on observed radiation doses trom various thermoluminescent dosimeter (T1.1)
experiments, model improvements have been suggested tor predicting the trapped proton
angular distribution including both the pitch angle and cast-west effects (Retsc 5810 Asa
result of these experiments, predictions of the LDER mission’s trapped proton exposure have
been made using the currently accepted models with improved resolution near nussion end
and better modeling of solar cycle effects. Mission fluences were reduced by 20 percent from

pre-flight predictions. Caleulations using directionally-dependent trapped proton spectra
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predicted smaller doses than those measured, being 50 percent of measured values at the

railing and earth end and about 80 percent near the leading edge (Ref. )"

3.2.3 Meteoroids and Man-Made Debris

The current models which are used most frequently to predict narural meteoroid and
maun-made debris impacts on spacecraft are shown in Figure 3.2-7 (Ret. 1). Based on these
models, the largest man-made debris particles or the largest natural meteoroid particles one
should expect to have impacted on the LDEF would be approximately 0.5 mm in diameter.
An impact of a particle of this size is consistent with the size of the largest crater observed on
ike retricved LDEF (Ref. 1). These models also indicate that in the particle size range from
approximately 0.02 mm to 0.2 mm more of the impact particles would have been natural
meteoroids rather than muan-made debris. In the size range less than .02 mm in diameter, the

models indicate that man-made debris particles should have dominated the impacts.

The man-made debris model includes an assumption that the small debris particles are
in orbits similar to the orbits observed for the farge trackable Earth orbiting debris objects.
The assumption means that debris particles would have impacted primarily on the leading
surfaces of the LDEF and that no debris impacts should be expected on the trailing LDEF
surtaces (craters with man-made debris residue in them have been found on the trailing LDEF
surtaces) (Ref 1), The maodel for the natural meteoroids assumes that they approach the Earth
randomly from all directions with a distribution of velocities that average about 20 km/sec.

This assumption means that the feading surtece of the LDEF would also have been impacied

U Thermolumineseent dosimetet (T1.D) measurements in four LDEF experiments have yielded absorbed dose
as a funcoon of shiclding thickness near the leading and taling edges and at the Earth side of the LDEF
vehicle, A consistent set ol dose values s produced which detines mech of the EDEF radiation environment and
pravides comparisons tor dose caleulations sty advanced trapped proton predictions and transport codes. Dose
rates up 1o 314 mGyv/Ad (048 o/em’ shicldingy and down o 1.26 mGy/d (154 g/em” shielding) were found near
the taihng edge. The dose me range near the Teading edpe was 099-1.22 mGy/d (2.90-1.37 g/em” shiclding)
and at the Farth end it was 1142186 mGy/d (10.0-1.0G gjem” shielding ). (Rel. ¥)

310
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more frequently by meteoroids than the trailing LDEF surfaces. The meteoroid models,
unlike the debris models, indicate that a substantial number of meteoroid particles will strike
the trailing surfaces of the LDEF. (This is generally consistent with the distribution of the

craters found on the LDEF.) Specifics concerning each of these environments follow.

MOST FREQUENTLY USED MODELS FOR PREDICTING METEOROID AND MAN-MADE
DEBRIS IMPACT FLUXES VARYING WITH PARTICLE SIZE
(REFERENCE: LDEF Space Environment Overview, NASA Conference Publication 31734)
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Figure 3.2-7. Most Frequently Used Models For Predicting Meteoroid and Man-Made
Debris Empact Fluxes Varving With Particle Size

3.2.3.1 Meteoroids

Meteoroids are solid partickes moving in interplanctary space and originate from both
cometary and asteroidal sources. Because 1 their velocity, density, and mass, meteoroids can
cause damage to vehicles operating in space. “the type and extent of the damage depend on
vehicle size, vehicke structural configuration. and exposure time in space, as well as on

micteorond characteristics.
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3.2.3.1.1 Meteoroid Flux and Density. Figure 3.2-8 (Ref. 11) shows a curve depicting the

meteoroid flux. The data presented are used to determine the number of expected collisions
per year between a space vehicle of a given cross-sectional area (in the ram direction) and
meteoroids of a given diameter. The metcoroid flux curve is roughly approximated by the

following equation, assuming a meteoroid density® of 0.5 g/cm’ (see Refs. 9 and 10):

log,o(F) = -14.37-1.213 log,y(m)

where,
F = cumulative metecoroid tlux (particles/m*/sec)

m = mass in grams (valid for 10" <m < 1)

Reference 10 cites a flux component for micrometeoroids (defined as having diameters
< 50 pm). The micrometeoroid density is generally assumed to be 2 g/em’ for these

particles. The meteoroid flux for these smaller particles is given by (see Ref. 10):
log (F) = —14.339—].5841()g10(m)—0.063[10g10(m)]2
where,

o= cumulatve metcoroid flax (particles/my/sec)

m o= mass in grams (valid for 107 <m < 10"

© The density of meteorolds 15 openi Lo senous uncerfainty as it has not been a measured quantity. Although
meteorites have been examined. they are generally considered 1o have been meteoroids of asteroidat origin, The
meteorord density of interest is for particles which result from the break-up of cometary material. The cometary
meteorad has been deserbed as a conglomenate of dust particles bound together by frozen gases. The flux-mass
relationship assumed 4 mass density ess than 1 g/em’. Values of density caleulated from photographic and radar
ohservations have manged trom 016 gm0 4 g/em’. Inassessing the avatlable density data. related
assumptions. and calculation procedures, the opmion s that the Tower densities obtained from radar observed
meteor data were not reliable and that the higher densities were not typical of cometary debris (Ref. T, From
the assessmient. 0.5 girm” was chosen as the value tor the mass density ol meteoroids (both sporadic and stream)
ol comelary orgin.
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3.2.3.1.2 Meteoroid Velocity, Meteoroids can approach earth from both prograde and

retrograde directions. The geocentric velocity of meteoroids is expected to range from 11 to
72 km/sec on the basis of celestial mechanics (see Ref. 11). Analyses of photographic and
radar observations of mcteors entering the Earth’s atmosphere have confirmed this range.
Based on the velocity information available, primarily from photographic meteor
measurements, and on the basis of the assumption of independence of mass and velocity, an
average atmospheric entry velocity of 20 kimysec has been adopted as the average velocity of
sporadic meteoroids. The probability distribution for this average velocity is given in

Figure 3.2-9 (Ref. 11).

METEOROID FLUX SIZE DISTRIBUTION
(REFERENCE: A Review of Micrometeoroid Flux Measurements
and Models for Low Orbital Altitudes of the
Space Station, NASA TM-86488 .
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Figure 3.2-8. Meteoroid Flux Size Distribution
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PROBABILITY—VELOCITY DISTRIBUTION FOR SPORADIC METEOROIDS
(REFERENCE: NASA Space Vehicle Design Criteria, NASA SP-8013) [ )
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' Figure 3.2-9. Velocity Probability Distribution For Sporadic Meteoroids PY
3.2.3.1.3 Gravitational Defocusing Factor. There are two phenomena which influence the N .
actual flux encountered by spaceeraft in near-Earth orbits. These phenomena are the @
gravitational and shielding effects of the Earth and the Moon. The actual number of ®
meteoroid mmpacts encountered by a spacecratt, obtained irom Earth-based observaticnal ° '
techniques and orbual direct measurements, is found to have been enhanced by Earth's o :
gravity: 1.e.. the sporadic flux model s gravitationally-focused. To correct for the Earth's Qi

o gravitatdonal cnhancement at a given distance above the Earth, the average sporadic or total OB
meteoroid tlux must be multiplied by the defocusing factor. The factor, as a tunction of o
S distance above the center of the Earth in Earth radii is given in Figure 3.2-10 (Ref. 10). ®
. ®
o R
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DEFOCUSING FACTOR DUE TO EARTH'S GRAVITY FOR
AVERAGE METEOROID VELOCITY OF 20 kn;/sec
(REFERENCE: NASA Space Vehicle Design Criteria, NASA SP-8013)
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Figure 3.2-10. Defocusing Factor Due To Earth's Gravity For Average Meteoroid
Velocity of 20 km/sec.

3.2.3.2 Man-Made Debris

Within about 2000 km above the Earth's surface there is an estimated 3,000,000 kg of
man-made orbiting objects. These objects are in mostly high inclination orbits and sweep
past one another at an average speed of 10 km/see. Most of this mass is concentrated in
approximately 3000 spent rocket stages. inactive payloads, and a few active payloads. A
smalier amount of mass, approximately 40.000 kg, is in the remaining 4000 objects currently
being tracked by U.S. Space Command radars. Most of these objects are the result of more
than 90 on-orbit satellite fragmentations. Recent ground telescope measurements of orbiting
debris combined with analysis of hypervelocity impacts on the returned surfaces of the Solar
Maximum Mission satethie indicate a total mass of approximately 1000 kg for orbitai debris

sizes of T e or smaller. and approxinuitely 300 kg for orbital debris smaller than T mm.
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This distribution of mass and relative velocity is sufficient to cause the orbital debris
environment to be more hazardous than the meteoroid environment to most spacecraft

operating in Earth crbit below 2000 km.

Mathematical modeling of this distribution of orbital debris predicts that collisional
fragmentation will cause the amount of mass in the 1 cm and smaller size range to grow at
twice the rate as the accumulation of total mass in Earth orbit. Over the past 10 years, this
accumulation has increased at an average rate of 5 percent per year, indicating that the small

sizes should pe expected to increase at 10 percent per year.

3.2.3.2.1 Debris Flux and Density. The cumulative flux of orbital debris of size d and

larger on spacecraft orbiting at altitude A, inclination i, in the year ¢, when the solar activity

for the previous year is S, is given by the following equation (Ref. 12):

F@hitsS) = k - o(hS) - ¥@ - [F|(d) - g,0) +~ F(@) - g,1)]

where
F = flux impacts per square meter of surface area per year
k = 1 for randomly tumbling surface: must be calculated for a directional
surface
d = orbital debris diameter in centimeters
t = tme expressed in years
h = altitude in kilometers (h < 2000 km)
S = [3-month smoothed 10.7 cm-wavelength solar flux expressed in 10 Jy;
retarded by | year from t
1 = nchnation in degrees
and
oSy = D
®,(hS) + 1

@, (hS) = 104200 - /140 - 1.5)
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F(d) = 1.05x107° - d 3

F(d) = 7.0x10"° - (d + 700)"°

p = assumed annual growth rate of mass in orbit

g = (1 + 2 p)t- 1989

g® = (1 + p)¢

An average 11-year solar cycle has values of § which range from 70 at solar minimum

to 150 at solar maximum.

To illustrate the application of this model, Figure 3.2-11 (Ref. 12) shows an example
orbital debris flux (compared to the metcoroid flux from Ref. 11) for a 500 km, 30° orbit

with t = 1995, k = 1.0, and S = 90.0.

The average mass density for debris objects 1 cm in diameter and smaller is 2.8 g/em’,
The average mass density for debris larger than 1 ¢m ts based on observed breakups, area-to-
mass calculations derived from observed atmospheric drag. ground fragmentation tests, and
known intact satellite characteristics. This density has been found to fit the fellowing

relationship:

The inclination-dependent function y is a ratio of the flux on a spacecraft in an orbit
(W}
of inclination i to that flux incident on a spacecraft in the current population’s average
inclination of approximately 60°. The flux enhancement factor, y, is shown in Figure 3.2-12

(Ref. 12).
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COMPARISON OF THE PREDICTED DEBRIS FLUX
ND NASA 58013 METEOROID FLUX MODEL (INCLUDING EARTH SHIELDING AT 500km)
(REFERENCE: Kessler, Reynolds, and Anz-Meador, Orbital Debris Environment for
Spacecraft Designed to Operate in Low Farth Orbit, NASA TM-100471, Ap:il 1/89)
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Figure 3.2-11. Comparison Of The Predicted Debris Flux And NASA SP-8013
Meteoroid Flux Model (Including Earth Shielding) At 500 km.

DEBRIS FLUX ENHANCEMENT FACTOR
(REFERENCE: Kessler, Reynolds, and Anz—Meedor, Orbital Debris
Environment for Spacecraft Desiﬁnad to Operate in
Low Earth Orbit, NASA TM-100471, April 1889)
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Figure 3.2-12. Debris Flux Enhancement Factor (i)
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3.2.3.2.2 Qrbhital Debris Velocity and Direction Distribution. Averaged over all altitudes,

the unnormalized collision velocity distribution, 1.e.. the number of impacts with velocities

between v and v + dv, relative 1o a spacecratt with orbital inchnation 1 is given by the
following equations:
(v - A - vIB - v
ﬂv)=(2-v-vo—v2)'(G-e(v YIB vy
- . D- E - 2
(F'e((v Vo)/( VD)))+H'C'(4'V'VO"V2)
A

where v is the cotlision velocity in kilometers per second. A is a constant. and 8. ¢, D. E, F.

G H.and v, are functions of the orbital mclinations of the spacecraft. The values of these

constants and parameters are as tollows:

A= 25
B= 05 i< 60
0.5 - 0.01 ¢i-60) 60 <1 < 80
0.3 i> 80
. C= 00125 i< 100
0.0125 + 0.00125 (0 -100) 1> 100

D= 1.3-001@-30)

E'= 0.55+0.005d - 30

F= 03+00008d- 50y i < 50
0.3 -0.01 ¢ - 50, 50 < i< 80
0.0 i > R0

G= 187 i< 60
18.7 + 0.0289 ¢ - 60)° 60 < i < R0
250.0 P> %0

Ho= 1.0-0.0000757 (i - 60)

v, = 7.25+ 0.015 (i - 30) i< 60
7.7 i > 60

3-19
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When f(v) is less than zero, the function is to be reset equal to zero. An example for
the unnormalized collision velocity distribution for an inclination at 30° is shown in

Figure 3.2-13 (Ref. 12).

There are other methods which have produced larger values for the average relative
velocity between a satellite and a piece of space debris in LEO. By using the tracked debris
population provided by radar observations, the average relative velocity may be calculated
through numerical simulation of possible encounters or through direct averaging (Ref. 13).
Both of these methods derive an average collision velocity of 10 kmy/s. Figure 3.2-14
(extracted from Ref. 13) shows the range of rclative velocities from various altitudes and

orbital inclinations.

UN-NORMALIZED COLLOSION VELOCITY DISTRIBUTION FOR AN INCLINATION OF 3(0°
(REFERENCE: Kessler, Reynolds, and Anz-Meador, Orbital Debris Environment for Spacecraft
Designed to Operate n Low Earth Orbit, NASA TM-100471, April 1989}
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Figure 3.2-13. Un-normalized Collision Velocity Distribution for an Inclination of 30°
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Calculations have been done recently supporting near-term strategic programs for the
number of impacts per square meter by particles of various sizes. Figure 3.2-15 (Ref. 14)
shows a typical set of results for the number of expected impacts as a function of altitude at
60° inclination for the environment expected in the 1996-2002 timeframe. A description of
the relative impacts versus position of LDEF trays is presented in Appendix A. A more
detailed description of the meteoroid and space debris environments and etfects is contained

in Chapter 6.

AVERAGE RELATIVE VELOCITY AS A FUNCTION OF ALTITUDE AND INCLINATION
(REFERENCE: MckNIGHT, D. DISCERNING THE CAUSE OF SATELLITE BREAKUPS.
PRESENTED AT THE AAAS MEETING, BOULDER, Co., 1-5 APRIL 19888)
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Figure 3.2-14. Average Relative Velocity Expected Between An Object and A Piece Of
Space Debris As A Function of Altitude and Inclination,

3.2.4 Ultraviolet (UV) Radiation/Solar Exposure

The Sun’s extreme ultraviolet (EUV) and UV output varies in a pattern similar 1o

sunspot number (SSN), and this variability translates into a variation of energy available to
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the thermosphere. The resulting variation of exospheric temperature, in turn, produces a solar
cycle variation of atmospheric density. Since litle EUV radiation reaches the ground,

direct EUV flux observations have been made only rarely. However, we can infer the value
based on solar radio flux measurements at 2800 MHz because EUV and 2800-MHz fluxes
have shown a fairly good correlation. The 2800-MHz flux is better known as the 10.7-cm
flux (or F,,). Although the correlation is not exact (and varies from one sunspot cycle to the
next), the patterns are similar enough to be useful. The F,,,-flux history for the LDEF
mission is shown in Figure 3.2-16 (Ref. 1). The widely varying levels of solar activity were
monitored by the F,,-flux, but also by counts of solar flares and Sun spots and by

measurements of the geomagnetic index.

NUMBER OF IMPACTS vs ALTITUDE, 1996-~2002. 80° INCLINATION, RAM DIRECTION
(REFERENCE. INPACT EFFECTS ON QPTICAL SURVIVABILITY, POD ASSOCIATES. 1992)
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SOLAR ACTIVITY AS INDICATED BY THE F,,.-FLUX RECORDED
DURING THE TIME OF THE LDEF MISSION
(REFERENCE: LDEF Space Environment Overview, NASA Conference Publication 313)
10.7 cm Solar Flux
2201 o b oLoer
N~
200+ | | Retneval
180 |- | |
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Figure 3.2-16. Solar activity as indicated by the F -Flux recorded during
the time of the LDEF mission.

The number of sun hours to which LDEE experiments were exposed is a function of
orbit (e.g.. eclipse times, ete.) and sun P-angle. The caleulated cumulative equivalent sun

hours tor cach LLDEF mray row is presented in detail in Appendix A,

3.2.5 Vacuum

Neglecting the contribution from LDE generated contanunation, the molecular/atomic
density adjacent to the individual EDEE surfaces at any given time was dependent on the
LDEE orbital altitude. the solar activity 'y and the orientation of the surface with respect to

the LDEE velocity vector. The density imcrcased as the alutude decreased and as the solar

" The LDEF was launched o Earth orbat at the time of near-mminom sictuvaty i the Sun's Tvear sol
cvele and was retrieved almost 5075 vems Biter at s time ol near maxminn solar activity, This solar ovele s
found to have near tecord uehs for solr acoivity.
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activity increased. The density also built up adjacent to leading surfaces as a result of vam

effects, and it diminished adjacent to trailing surfaces as a result of wake shielding effects.

The ambient molecular/atomic density along the LDEF orbit was lowest ezrly in the
mission while the LDEF orbital altitude was above about 450 km; the solar activity was near
minimum (approximately 1.86 x 10" molecules/cm’). The predominant molecuiar/atomic
species at that time were atomic oxygen (approximately 1.56 x 107 molecuies/cm?) (see
Chapter 3.2.1), and nitrogen (second in abundance with a density several orders of magnitude

lower than he atomic oxygen).

The ambient molecular/atomic density along the LDEF orbit was highest
(approximately 6.58 x 10" molecules/cm’) late in the mission when the orbital altitude had
decayed to approximately 320 km; the solar activity had increased to near-record highs. The
predominant molecular/atomic species at that time was still atomic oxygen (approximately
5.42 x 10" molecules/em’) and nitrogen was still second in abundance (approximately 1.06 x

10" molecules/em’).

The ram effects made the molecvlar/atomic density adjacent to surfaces on the leading

side of the LDEFR approximately an order of magnitude higher than the ambient density. The

wake shielding etfects reduced the molecular/atomic density adjacent to surfaces on the

tratling side of the LDEFEF more than an order of magnitude. (The molecular/atomic densities

preseuted abo e were extracted from Ref. 1),

3.2.6 Microgravity/Accelerations

The LDEE experiments were exposed to very low accelerations during the mission

since the platform was passively stabilized and there were no systems on board to gencerate
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vibrations or shocks. The acceleriation level at the center of the LDEF remained less than

107 g throughout the mission.
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CHAPTER 4
LDEF OBSERVATIONS

On LDEF there were 57 ditferent experiments in 86 trays which were divided,
according to Boeing, into mechanical, clectrical, thermal, and optical experiments. The
purpose of this section is to identity and collate the published data from LDEF experiments
relating to space optics. (Discussions on design implications of these data are deferred to
Chapter 5.) At this time, the reduction and reporting of the on-orbit data by the LDEF
experimenters are not complete. This section contains the data that have been reported to
date by the experimenters. The structure of this handbook was designed to allow periodic

updates as additional data reduction is reported by the LDEL experimenters.

4.1 SUMMARY OF LDEF OPTICAL MATERIALS/EXPERIMENTS

There are literally hundreds of optical materials from which a system designer can
choose. These are catalogued in references such as the Handbook of Military Infrared
Technology and individual glass manufacturer catalogs, among others. A representative set of
current, state-of-the art opucal materials and designs were tested on LDEF. This experimental
data set provides valuable insights into the space response of modern optical materials and

designs.

The optics flown on LDEF can be divided according to a number of individual design
features: refracuve/reflective. substrates/windows, coatings/filters, UV/visible or infrared «IR)
transmission. ete. To make this handbook as useful as possible, a number of groupings have
been established to categorize LDEF materials, Table 4.1-1 shows the groupings tollowed
within this handbook and identifies the LDEEF materials within each group that are included in

this section. Optical design parameters associated wath the materials in Table 4.1-1 and tested

on LDEF are discussed in the following section.
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Table 4.1-1. Optical Components Flown on LDEF

OQPTICAL COMPONENTS LDEY MATERIALS

Optical Glasses and Crystals Aluminositicate, borositicate. lead silicate. potash borosilicate. SiO.. soda
(Refractive and Reflective, lime sitica, soda potash hime, otanium sihicate. black glass (low scatter),

UV/Visible and IR) CaF.. CdTe. Ge. Sio KRS-5. KRS-6, ZnSe. Bal.. ALO . Corning 7940,
Suprasit W Ge (polycrystalline, high purity). and UV-transmissive
windows (MgF., sapphire [ALO,]. CaF,. LiF. and Si0.)

Optical Fihiers CdSe. Ge. PhTe. Pk, Si0. ZnS. Cryolite on Si0.. SiO on 5i10., Thi, on
(UV/Visible and IR) SiOQ.. Antirejection (AR) coating on MgF,, assorted optical bandpass
{ilters between 0.3 and 1.1 um (Schott glasses). neatral deasity tilters
(Corion). narrow hand (Corion). hot mirrors (Corion visible transmitting).
Lvman alpha and 1600 A UV filiers. ALO, on S0, MgF. on Si0..
assorted OCLI filters, and Ge on S10,

Metal Frlms/Mirross Ag on Si0. Al on SiG. Au-plated Al [2024-T35 1] Au-plated Al [6003],

(Reflective. Au on SiO. v on S:0. Nb on S10,. Os on 510, Pt on S10,. Cu on 510,
UV/Visible and 1R) Av on Co Az on Si0. Ta on Si0.. W oon Si0O. Sa on SiO. Zn on Si0).,
OSR mirrors [Au. AlL Aglo molybdenwn narror. and duinond turned
COpper mirror

4.2 OPTICAL SYSTEM DESIGN PARAMETERS

There are a number of parameters associated with the optics shown in Table 4.1-1 that
are important parts of optical system design. The value of the LDEE data is in the
characterization of the degradation of these paramieters as the optical materials are exposed to

the space enviromments.

From a system performance viewpoint. the degradation of cach individual optical
clement can degrade system perfonmance. For example, it wansparent elements are degraded
by the space environments, these degradations can change the clement transmisston, can
merease the scatter and abxorption, and can degrade the overall image resolution. For optical
coatings, environment degradations can alter the wavelength-dependent trinsmission and
reflection properties, can inttiate other types of damage (such as deterioration), and can
contanminate other nearby optical components. On LDEL experiments were conducted to

examine the degradation of transpareot clements, optical coatings, and other materials (such as
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ditfuse paints). Degradation of these elements due to darkening, contamination, erosion,
discoloration, impacts, pitting, or delamination caused by space environments was analyzed by

the LDEF experimenters.

Table 4.2-1. Materials versus Effects. provides a guide to the parameters tested on
LDEF for optical materials that have been published to date and are included in this chapter.
The table divides the optical elemenis flown on LDEF (see Section 4.1) into refractive and
reflective components, including substrates, coatings, filters, and mirrors as well as other
components of mterest like quartz crystal microbalances (QCMs). These elements are listed
down the left-hand column of the matrix in Table 4.2-1. Across the top of the matrix, the

parameter effects that are of concern to system optical performance are identified.

Within the cross-reference matrix are filled cireles, hollow circles, and cpty cells.
Filled circles identity data seetions where data ace discussed that have been reduced and
reported by the LDEF experimenters. The hollow cireles identity data sections where reduced
and reported data have been found and are generally applicable 1o materials discussed within
that section. but are discussed elsewhere withm this chapter. (Following the mawrix calumn
up or down from the hollow circles will show where sections contain the actual data
discussions, as marked by a filled circley Empty cells within the matris identify arcas where
data are not available. An cmpty cell does not necessarily mean that there wins no experiment
in this category on LDEF, but perhaps that the data have not been reduced and reported by
the LDEF experimenters. As this handbook is updated, these cells will be filled as the new

data are brought into the handbook.

The numbering index in the ble also provides a convenient index of where the data
are located in this section. For example. suppose one wishes to examine the data base on the
effects of AQ on uncoated refractive optics for a visible sensor system. The section number
within which to find these data is found by combining the indices of succeeding Tevels of

indenture from the table. The fett-hand index on materials shows that uncoated retractive
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optics for visible systems are addressed in section .3.1 of Chapter 4 (4.3.1) and AO is

addressed in section .2 of 4.3.1. Thus one would locate that data in Section 4.3.1.2 of this
report.
Table 4.2-1. Materials Versus Effects Matrix
I
a 2 3 A 5 6 2
c
1 AO s TR D s
EFFECTS M T X C RE A T o
P oY A AF R R N
A MG T NL X E T
c 1E T SE E s A
T CN E MC N s M
s R 1T 1 I
S A N ":
MATERIALS SN G -
1C !
" o
) N
3 Refractive .1 Uncoated d i o d hd e d
Uv/Vis 2 Coated o) [ [ ] [} ) [ o]
4 i Refractive .1 Uncoated (] O [ O O (@] ®
V‘ Infrared 2 Coated fo) o o O le) fo) )
.5 Coatings .1
Visible © © o b o
6 Coatings 1
Infrared [ ] (@] O O (@] (@] [ J
7 1 Filters 1
UV/Visible L
8 1 Filters 1
Infrared L
_.9 ‘ Mirrors 1
™ ™ o o o .
10 | Misrrors 1
Second Surface ] [ )
11 T Quar Crysual 1
Micrv Balances L] ®
12 | Related 1
Optical L L ® ] e L ®
Experiments 1
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At the beginning of each of the following data sections is an "a” table which lists the
materials addressed in that section, the experiment location (so that the environments may be
determined from Appendix A). the tables and figures refated to that material (which are in
Appendix E). and comments which are applicable to cach table or tigure. Lach table or
figure in Appendix E identifies the reference fromy which it was obtained, the experiment on
which it was flown. and any appropriate comments coneerning the data and the results
observed. A section may also include a "h" able. A "b" table lists dawa pertinent to the
section. but the data are discussed in detail in another section. The section in which the data

are discussed is reterenced in the table.

In reporting on the LDELE observations for the material flown and for which the data
have been reduced. it was often dinficult to decide how to place optical material within the
groupings/parmimeters as shown in Table 4.2-10 For example. when naulitaver optical filters
were flowng it also might be appropriate o include the flighy daev . v section covering
coated refractive optics besides reporting the fhght data in the v were section. However, in
arder to aeoid necdless duplication. it was decided that expeicacir da vould be discussed

oaly onee,

Materals which we applicable 1o more than «r optiead - ooy e Meb s ased
ror bedh UV and IR opucal systemsy are discussed fsconce mothe most releviant section (see
the "0 and b7 able discussien abovel In addiion o e besinning of the migor scctions is
a table that shows when effects Tor specitic optreal siaterins we cross referenced to other
sections This avords needless text duplication cad repetiien, To make this handbook the
most usetul o opucal desipners, when it is appropriate to discuss LDEF results for optical
materials from other sections, a sumniry fable of those materials is provided and cross:
references are given to direct the reader to appropriate sections containing the primary data
discussion. (This table is ideatificd with a "b" suttix indicating that the primary data

discussion for these materials are in other sections and not in the current section, The data

discussion section tor these materials is denttied moa footnote to the "h7 tablen
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4.3 REFRACTIVE OPTICS FOR UV/VISIBLE SYSTEMS

A variety of refractive optics materials was flown on LDEF that transmit in the
UV/visible wavelengths. The LDEF data currently available tor UV/visible refractive optics
are discussed below and are subdivided into uncoated and coated configurations. Table 4.3.a
shows a summary of the experiments containing refractive UV/visible optics. Table 4.3.bis a
cross-reference of the UV/visible refractive optics flown on LDEF cross-comelated with the

kinds of effects studied on LDEF for these materials.

4.3.1 Uncoated UV/Visible Refractive Optics

4.3.1.1 Impact Effects

All LDEEF UV/visible refractive optics samples suffered some impact damage due to
cither micrometeoroids or man-made debris, Impact damage consisted of various nicks and
chips, or small quasi-hemispherical craters surrounded by spalls with conchoidal surfaces.
Spalls extended out by a factor of S to 20 times the central crater size. Radial cracks
senerally extended two times the spall diameter beyond the spall region. In some cases

stringers or fibers of molten material were observed.,

The major effect of the impact damage is to produce an increase in optical scatter, but
apparently, only negligible changes in averall reflectivity or transmission (see Sections 4.3.1.3

and 4.3.1.4 below). This is expected because of the overall low value off fractional arca

affected. Chapter 6 discusses the overall expectations for hypervelocity impacts on optics.
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Table 4.3.a. Experiment Summary for Refractive UV/Visible Optics

EXPERIMENT REFRACTIVE UV/VISIBLE OPTICAL MATERIALS

AO147 Uncoated fused silica and fused silica combinations

AOL71 Coated fused silica

Uncoated tused silica. low iron sodi-lime-sifica gliass, Pvrex 7740

AUL72 . . .
ghiss, Vyecor 7913 alass, BK-7 glass. and Zerodur glass ceramic

Uncoated tused silica (T22 Supersil- WL Amersil) and coated fused

A0003-2 .
MU0, silica (Mgl

MINKIR-T ALO on S0, S on 810, Nal, on Si0).

SO0 Uncoated Tused silica

Cabo Meb Lt ALO G Gvinthietic sapphoed and uncoated tused sifica

Uncoated Tused silica. uncoated ULE™, ULEY™ A coating, and coated

SOOs0-2 . ) . . .
fused sthea (AR coatings. solar rejection coatings)

Table 4.3 1 Ta summuarizes and provides a guide 1o the materials contained in this
section. Table 4.3.1.1b shows references o related materials/ettects covered in other sections

of this handbook.

In gencral. the mhpact dainage to the tused silica consisted of various nicks and chips,
or small quast-hemispherical craters surrounded by surtace spalls with conchoidal surfaces.
The spalls produced the equivalent of wide shallow craters around the central craters proper,
with the spall extending out by tactors of 5 (o 20 times the contral crater size. In sonie cases
radial cracks extended out bevond the spail region, generally by a factor of about two dmes
the spalb diameter, but occasionally by much larger factors. This effect tended to occur only
for the Targer nnpact craters. For most cases the impact damage was very localized o the
miediate vicinity of the impact sites. In some cases some small residue from the impactor
was observed, or Ustringers/fibers” of molten tused silica were observed. The number and

sizes of the craters were Targest for the leading edge. as expected (Ref. 1.
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Table 4.3.h. Refractive Optics for UV/Visible Systems Flown on LDEF o
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Table 4.3.b. Refractive Optics for UV/Visible Systems Flown on LDEF (Cont.)

EFFECTS
i A A D S S C
M T B A T C O
P O S R R A N
A M / K E T T
( 1 i | S T A
MATERIALS T C R N b) k M
S A | R /
O N N D
X / G | D
Y R |
G K E
K 3 R
N I.
COATED UVIVISIBLE REFRACTIVE OPTICS
Mot /Fused Silica o °
Mgk, (A=1.00)/2-thick on Fused o
Sihica
Fused Silica/Solar Rejecton e ° °
ULE™/Ap . . °
Fused Silica/AR ° ° P
Nab /Sity o
- ALO /SO o '
SIS0, o
e [Jata contamned o this sedtion
o Dty contaned m ather . cnoss eferenced sechions
Impacts on other optical glasses, including BK-7. Pyrex, ULE™ and Zerodur wended

to be similar to those in fused silica. This is expected, since the major difterences in these
glasses (for impact response) are mostly i melting temperatures, compressive yield strengths

and/or fracture toughness. Lower melt temperatures, together with the possibility of
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differential fractionation of the components, associated with BK-7, can be expected to allow

bubbles to more readily form, and such were seen surrounding somie impact craters.

Likewise, lower melt temperatures will promote more "stringer/fiber” production within the

craters and a larger "melt zone” around the crater.

Table 4.3.1.1a. Impact Effects Data Base for Uncoated Refractive UV/Visible Optics

LDEF
MATERIALS FIGURES o COMMENTS
' ’ LOCATION
E.1 LS Locahized mapact damage.
E2 ES Localized damage. Radial eracking does
oceur but does not propagate a great distance
Fused Silica from impact site.
f:.3 »2 Motien gliss Jetting. Fibers 1O pm long
projecting from the fuse zone.
I:9 »2 Characterization of impact ste damage.
.4 D2 Central pit swrounded by fragmented
material with radial cracks. Debrs captured
in mell zone.
Zerodur . N . -
.S 2 No melt. Sunilar damage to that shown in
Figure B 4.0 except in central fusion zone.
S S _
LY N2 Charaterization of impact site danugee.
k.0 2 Damage arca 5 times contial pit vadius,
Pyres k.7 D2 Obhique unpact produced stronghy duection
e . - .
: splash. Crater s circular,
—— e v.‘r___,__>._. Py p—— —_———
L9 02 Characterization of tmpact site damage.
E.X N2 Temperature and pressare tor vaporization
BK-7 eaveedad.
LY 02 Characterizaion of mmpact site damage,
None D2 Temperatute and pressure tor vaporization
Soda-lume-Sitiess (| :‘_W“]“l' e ]
19 n2 Characterization of mnpact sife danage,
410
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Table 4.3.1.1b. Impact Effects Data Base for Uncoated Refractive IR Optics Applicable
to Uncoated UV/Visible Optics

LLDEF :
TE TGURES | COMMENTS
MATERIALS FIGURES LOCATION COMNMENTS
k.34 DY Exposed 69 months. Localized chipping and fracture
extending many particle diameters,
Fused Silica'
I35 by Damage arcas we potential high scatter, high
absorption arcas,
Si10,! b0 14 No discernilde changes except tor debris,

! Data televant to this natenal s discussed i Section 44100

During impact, ejecta with the highest velocity s generated closest to the central pit.
According to the model after Melosh (Ref. 2), a particle impacting at a velocity ot 13 knys
produces ejecta with velocitics up to S kny/s. Presuming fibers were produced by the highest
velocity ejecta, the time to pull fibers 100 pmin length was about 2 x 10" seconds (Ref. 1),
Damage surrounding the impacts extends o a radius about 5 times the central pit radius,
Bubbles escaping the melt region of a BK-7 sample indicate temperatures and pressures at
impact reached those needed for vaporization of the micrometeorite and/or glass, Evidence of
vaporization was observed in BK-7 and soda lime-silica glasses which contain volatile
components (Ret. 1. One of the three impacts observed in Zevodur shows no evidence of
melting (Ret. 1), These two glasses are clearly the most volatile of those glasses examined in
that they include relatively Tow boiling components, unlike the Pyrex or fused silica glasses
which did not display evidence of bubble evolution. "The major effeet of the impact damage
produced @ significant mcrease in optical scatter. but apparenty. only negligible changes in
overall reflectivity or transmission. This is expected because of the overall low value of
fractional arca affected (Ref. 1), Chapter 6 discusses the overall expectations tor

hypervelocity impacts on opties.

Crater shape is relatively independent of impact angle for impacts at angles preater

than 107 from the surtace plane of the rget. Projectile shape largely determines crater
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shape, even for normal impact. Impact features believed to arise from micrometeorites
incident at angles between 20° and 45° have been observed in lunar craters. The
unsymmetric glass ejecta or debris field associated with the impact in the Pyrex sample is
evidence that impact occurred at an oblique angle. The formation of frozen strands of glass
develops in the early stages of impact. This would account for the extension of filaments in
the direction of impact betore excavation of the crate~ was complete. Also, radial cracks
extending from the impact extrapolate to an origin off -center of the excavation in the
direction of the splash. These observations indicate the projectile velocity had a large
component in the direction of the debris field (Ref. 1). There are a number of ground-based
experiments that support these observations (e.g., Ref. 3). The effects of oblique impacts

have also been confirmed by CTH hydro-code modeling (e.g.. Ref. 4).

4.3.1.2 Atomic Oxygen

Fused silica flown on experiment SO050-2 was found to be resistant to the atomic

oxygen (AQ) environment. as expected for an oxide, and no significant erosion was observed.

Table 4.3.1.2a summarizes and provides a puide to the materials contained in this section.

Table 4.3.1.2a. Atomic Oxygen Data Base for Uncoated Refractive UV/Visible Optics

LDEF .
ATERIALS AGURES | :
MATERIALS FIGURES LOCATION COMMENTS

Fused Silica Nong L5 No damage was discernible

4.3.1.3 Scatter

Fused silica was found m general not to be resistant to the scatter effects as expected,

though no discernible damage was observed except for metallic film fragments on the surface.

Table 4.3.1.3b shows references 1o related materials/eftects covered in other sections of this
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handbook. The data shown are from experiment M0003-2, leading edge samples, and are
tvpical of observed fused silica responses. This high scatter response is consistent with the
susceptibility of leading edge samples to nmpact cratering (see Section 4.3.1.1) producing high

scatter sites (Ref. 5).

Table 4.3,1.3b. Scatter Effects Data Base for Uncoated Refractive IR Optics
Applicable to Uncoated UV/Visible Optics

LDEV
MATERIALS FIGURES o "OMMENTS
1Al GUR LOCATION e
.36 9D Tmipact sites produce arcas ol high scatter
E.37 DY 70-month exposure. Scatter intensity from crater center

tive times that of background. Fracture lines are high
scatter sites

Fused Silica'

E.38 DY Scaiter varies by two orders of magnitude across the
surface

.39 Y Cleaning reduced scatter three orders of magnitude

FA40 bHY 70-month exposute similar to 9-month exposure

YDt aelevant 1o tis matenal are discossed g Secion b b

4.3.1.4  Absorption/Transmission/Reflect:ince

Because of arganic contamination, there was a significant decrease in the transimission
of all samples from experiment S0050-2. Afier cleaning the fused silica and ULEM™ samples
transnussion returned to nearly pre-thight values. No data are available on the elfects of

cicaning on the other samples.

Table 4.3.1 4 summarizes and provides a guide to the materials contained in this

section.
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Table 4.3.1.4a. Transmission Data Base for Uncoated Refractive UV/Visible Optics

LLDEF

MATERIALS FIGURES LOCATION

COMMENTS

Fused Silica E.10 E5 Cleaning returned sample to pre-flight values

ULE™ Glass E.Tl ES Cleaning returned sample to pre-flight values

E.12 ES Organic contaminant on doth surfaces. Catastrophic loss
CaF, in UV. Transmission ranges from 0 at 200nm (o
50 percent at 380nm

Organic contamina’ion.  Catastrophic loss in UV. Better
than Cal, and Lii¥ because organic contamination is
only on front surface.

E.l14 PR Same as E.13.

E.IS ok Similar to CaF,

E.16 : Similar to E.15. Catastrophic loss in UV.

Nong BN Organic contamination. Substrate does not transmit
below 150 nm

None % Organic contamination.  Substrate does not transmil
below 150 nim

In the SO0S0-1 experiment materials overall, the transmission of uncoated fused silica
wuas observed to decrease by about 30 to 50 percent, mostly in the wavelength range of 200
mm to 700 nm. The major cause of this was contamination from other LDEF components, in
particular silicon-rich deposits thought to be from outgassing of RTV silicones.  After
cleaning. the transmission generally returned to the pre-tlight values within about 1 percent

(Ref. 6).

Because of this organic contamination, there was also a significant decrease in the
transmission of Cak,. MgF,. LiF, ALO,, and S$i0,. The ratio of the contaminated CaF, flight
sample to the ground controlled sample showed the transmission monotonically increasing
from zero at 200 nm to more than 50 percent at 380 nm (Ref. 6). The higher transmission
measured for the Mgl', window relative 1o the Cal'. and Lil¥ windows was probably duc to

the tact that there was no back film on the Mgls, window (Ret. 6).
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As observed from the SO050-2 experiment, there was a significant decrease in
transmission of the uncoated ULE™ glass (up to 45 percent) post-flight over the wavelength
range of 350 to 1000 nm. However. this was due to contaminant, and the original
transmission was recovered after cleaning (Ref. 7). Of interest is the fact that the density of
the contaminant deposited on the sample varied between coatings and substrate matenials. As
an example, prior to cleaning. the tansmission of the uncoated fused silica sample was
reduced from 94 to 68 percent at 350 nm., while that of the uncoated ULET™ sample reduced

from 94 to 45 percent (Ref. 7).
4.3.1.5 Darkening

No radiation darkening was observed in the fused silica, and changes in transmission
were associated only with the surface contamination, or (slightly) with impact damage
scattering.  Also, no darkening was observed for ULE™. even though ULE™ is known to be

particularly sensitive to radiation darkening (Ref. ).

Table 4.3.1.5a summarizes and provides a guide o the matertals contained in this

section,

Table 4.3.1.5a. Darkening Effects Data Base for Uncoated Refractive UV/Visible Optics

- . _— o l LDEF . NG

MATERIALS FIGURES | LOCATION COMAMIENTS
Fused Stlica None ES No darkening evident
ULE™ Gliss None I:5 | No darkening evident

These results are consistent with expectations for the clectron. proton, and UV

environment in the LDEE orbit where the radiation environments are fairly benign. For
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higher orbital altitudes, 1t is anticipated that concerns about radiation darkening should be

increased because of the increased severity of the radiation environments.

4.3.1.6 Stress

Stresses were measured «n some LDEF samples. Both compression and tension
stresses were observed, though the magnitudes were small. These small stresses were found
to have negligible effect on optical performance, including the CaF, sample even though a

micrometeoroid impact forced cleaving in the sample.

Table 4.3.1.6a summarizes and provides a guide to the materals contained in this

section,

Mechanical testing of glasses impacted by micrometeorites was performed using a
diametral flexure test. The test subjects a centrally loaded disk, supported at three points, to
dynamic loading in a controlled environment. This method of testing eliminates effects of

flaws on the periphery of the sample (Ref. 1),

Mechanical stresses imposed on the wensile surface of the sample during mechanical
testing are <» mmetric with respect to the Joading points of the fixture.  Impacts not occuring
in the geometrical center of the sample are subjected 1o stresses less than the maximum
applied stress. No micrometeorite or space debris impacts occurred in the geometrical center
of the samples and no fracture was observed (exeept for Cal'y) to initiate from surtiace flaws

associated wth micrometeorite or space debris impacts (Ref. 1.

J-16
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Table 4.3.1.6a. Stress Effects Data Base for Uncoated Refractive UV/Visible Optics

1 . e e LDOEF . e
MATERIALS FIGURES LOCATION COMMENTS
. o H
E.7 L5 Strength of exposed sample indistinguishable from
Fused Sitica 1o Dya control sample
ULE k.17 LS Strength of exposed samiple indistinguishable from
o control sample
BK-7 L.1Y D2 Strength of exposed sample indistinguishable from
control sample
SodiLinme.Silic: E.17 D2 Strength of exposed sample indistinguishable from
PO A e control samplye
P rex b1 . Strength of exposed sample mdistinguishable from
X -
4 19 contral sample
.17 Strength ol exposed sample indistinguishable from
Vveor S A DHICHEN OF CXposcd SAample mastungusnapice i
- £ 19 contiod sample
Zerodur i - Strength of exposed sample indistinguishable from
erog 2
TR comrol sample
Cal, P BY Fractured sample

The highest stress at an impact site was SO percent ot the stress o produce failure.

Thus it is deduced that the effect of micrometeorite or space debris impacts reduced ihe glass

strength by less thun 50 percent for the impacts experienced i these experiments. A part

from the crater visible on the surface. damage o glass extends beneath the flaw a distance
depending on propagation of the radial crachs. Though a micrometweorid may not penetrate the
glass, the resulting defeet Towers the maximun stress the class 1s capable of sustaining before
fracture. Stress concentration developed by the presence of a surlice impact degrades the
strength with o squine root dependence on fliaw size. Fracture miechanics permit calculation

ol strength from tlaw size and fracture toughness parameters. Assunung the damage tield

from a nmeromicteorite or space debris impact s bemispherical, the mrluence of impact

damage pencetrating to a depth of 100 i decrcases the strength o 35 pereent of the

mcasured value. Based on these arguments, taiture of the Zevodur sample should have
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mitiated at the impact site with an applied load at the geometric center of the sample of less
than TOOMPa (1 kbar). This suggests the extent of damage below the impact 1s actually no
greater than 1/4 the radius of the crater observed on the surface, thus a hemispherical damage
zone surrounding the impact site 1s not true. This accords with the evidence that craters in

glass are usually shallow relative to their diameters because of surtuce spalls (Ret. 1.

The SO050-2 samples were measured photoelastically for stress betore and after thght
using biretringence polarimetry. The control samples were also measured for compartson

purposes. A summary of the observed SO050-2 results foHows (Ret. 7).

. On the uncoated glass and high reflectance silver coated samples. the
contaminant. on the average, induced a compressive stress of 42 psic After

cleaning. the stress levels closely matched those of the pre-thight measurements,

. On the fused silica antiretlectance coated sample. the contaminant did not
induce any measurable stress. A stress change could not be measured on the
solar rejection coated samples due to the high level of stress e the coanng, and
the variation o stress between samples. A reduction e the stress levels i this
coating was measured on both the tlight and control samiples. No significant
stress chanpe was measured between the flight samples atter cleaning and the
control samples.,

The micrometcoroid/debris impact on the Cab, sanple from expeniment AOUS6
occurred near the edge of the sample holder. "The impact erater was about I in diameter
with a spallation zone diameter of about 5.5 mm. The substrate cleaved i two directions
outward from the crater site to the opposite sidex of the samiple, and at an angle of about 757,

breaking the swmmple into three picces. This verities the tragile and brittle nature of Cale, as a

substrate material, while renaining opticadly functional (Refl 10).
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4.3.1. Uncoated Refractive Optics for UViVisible Svstens

4.3.1.7 Contamination/Deterioration

A brown discoloration caused by a contaminating film was cvident on most ot the
SO050-1 LDEF samples. The film appeared britde. No discoloration of bulk optical material

wiats noted.

Table 4.3.1.7a summarizes and provides a guide to the materials contained in this

section.

Table 4.3.1.7a, Contamination Data Base for Uncoated Refractive UV/Visible Optics

LDEF
MATERIALS FIGURES LOCATION COMMENTS
My, .20 -5 Organic film appeared brittle
121 IS Decreise i transmitiinee due 1o

contuminaton

. 122 kS Organic fitm present on both surlaces
- 1223 LS Organic tilm appeared sprayed on

ALLO, I.24 IS Organic film present on both swmfiees

S0, F.25 -5 Little contamination. Showed subsuiate

sclectivity

I-5 Organe film present on both sides

A Tourier Transform Infrared (FF'FIR) spectrometer optimized for the 34w speetral
region was used to measure thin organic films on experiment SO050-1 samples. Strong
narrow methyl and methylene absorption bands are i this (3.4 um) spectral repion. The 3.4
pmcontamination measureinents on the Mgk, Cal,cand LilF windows were typical of many
hydrocarbons,  This prabably is a result of nearby material outgassing. ‘The absence of 3.4

um absorption on Si0), showed substrate selectivity (Rel, 6).

419
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Photographs of the Mgl window showed sharp edges of the adhering filn indicating

the film s britde. Patterns on the film indicate the contaminant may be of low viscosity. LiF

photographs indicate a sprayed texture to the film (Ref. 0).

4.3.2  Coated UV/Visible Refractive Optics
4.3.2.1 Tmpact Effects

A specttic discussion of materials related to Uncoated Refractive UV/Visible Optics is
presented in Section L0011, Impacts Effects on IR Coatings. In general, all samples showed
somie imipact elfects. Those samples flown on experiment MO0O03-2 and on the Teading edge
tat locations DX and DY) showed several microfractures; the trailing edge simples
expericnced crazing as the prnmary effect. The Nal, on 510, sample tlown on experiment
MODD -7 showed delamination and damage tayer removal) by solar UV and AQ. Table

43200 shows references to related materials covered in other handbook chapters.

Table 4.3.2.1h. ©Impact Effects Data Base for UV/Visible Coatings Applicable to
Coated Refractive UV/Visible Optics

MATERIALS/ [.OIFK

SUBSTRATE FIGURES - HON COMMENTS
Myt bodd [ Danige 1s |.,\-—;.|.-,l,‘|" T
Nl ! Jds [y Pamaee Laver removed o caound mpact due
o UV or AQ)
by 1Y Overall dimape areas several (mes craten size.

CiiAe/Thi)! .
' Coating Lmdure 15 abserved.

Ae e ALO S on I- 50 DN AMicioliacied. cotroded, cratered
Palished Sihcon!

AlLOy! b5 s Micioliacted, hitked
AvSey .80 N3 Crazed discolored
An f- 5% 1)1 Unchaneed
St ey ant e s el e proeented o Secteen ed ol
120
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4.3.2.2 Atomic Oxygen

At the present time, no data have been found for this section,

4.3.2.3 Scatter

For Mgl coated silica. the induced scatter was tound to be less tor the leading edge
than for the wrailing one. This result was essentially the same for both 9-month and 69-month

exposures (Retfs. 5 and 9.

As shown in Figure .28, there was over an order of magnitude change in the

bidirectional retlectance distribution function (BRDE)Y above 5 degrees deli theta (Ref. 7).

Table 4.3.2.3a sunimarizes the materials and provides comments concerning the dita

contained In this secuon.,

Table 4.3.2.3a. Scatter Effects Data Base tor Coated UV/Visible Refractive Optics

[.DEF
MATERIALS TGURES TOMMENTS
ATERIALS FIGURLES LOCATION COMMEN
N - . » cading edge showed less scatter than tauling
Ml flused Silica 157 i Leading cdge showed fess scatter than tranling
T i cdpe
Ag/UILE M IS inerease inscaier

4.3.2.4 Absorption/Transmission/Reflectance

All of the substrates and coatings experienced a significant performance reduction after

flight, but after cleaning with normal solvent drag means (except tor the AR-coated samples
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which could not be cleaned). the sample optical performance returned to the pre-flight

mieasured values (Ref, 7).

Table 4.3.2.4a summarizes and provides a guide to the materials contained in this

section,
Table 4.3.2.4a. Absorption/Transmittance/Reflectance Data Base for
Coated Refractive UV/Visible Optics
MATERIALS/ e o .DEF . R
AT TN T FIGURES o COMMENTS
COATINGS LOCATION
E.29 5 Contamination reduced transmission. Cleaning returned
Fused silica/ sample to pre-flight value.
Salar rejection E.30 [:5 Contamination reduced ransmission,  Cleaning returned
sample to pre-thght value.
ULE ™A [PARY L5 Contamination ‘r_cducul. transmission,  Cleaning returned
sample to pre-thghtl viiue,
. . Contamination reduced transinission. Normal cleaning
Fused Silica/ . e B
. . 1,32 1S methods not effective. Needed exposure (o oxygen
Anti-rellection ] L - i
plasma to mprove performancee

Tuble 4.3.2.4b shows references o related materials/efiects covered in other sections

of this handbook.

The thight samples from experiment SO050-2 were measured tor optical performance
from 350 to 1200 mm. Of interest in the measurciments is the fact that the optical density of
the contaminant deposited on the sample varied between coatings and substrate materials. As
an example, the transmission of the uncoated fused silica sample was reduced from 94 1o 68
pereent at 350 nm, while that of the uncoated ULE™ siple was reduced tfrom 94 1o 45

pereent (Ret, 7).

—
[
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Table 4,3.2.4b. Absorption/Transmission/Reflectance Effects Data Base for UV/Visible
Coatings Applicable to Coated Refractive UV/Visible Optics

MATERIALS/ e o LDEF . e
SUBSTRATE FIGURES LOCATION COMMENTS
B A ’ . P 2
e . . N
Al-Mgky/ Pl 03 Outside/inside samples had significantly-
B1664 Glass' - ’ reduced retlectance over all wavelengths.
ThE-Ay/ [0 B3 Outside/inside samples showed ditde change
B1664 Glass' T ’ retlectance over all wavelengths,
ALO A/ L . Ouiside/inside samiples had signilicantly-
Kanigen' o ' reduced reflectance except at the blue end.
Al-Mgky . Inside sample had fi\unil'ic:ml Vl.'rdurlinn n
I [ B3 reflectance at upper end. Qutside sample had
Kanigen S .
signiticant reduction across the entire band.
Inside sample showed slight shift in
145 i reflectanee, Outside sample had Tinle
o reduction at the blue end but a shight shift o
the high end.
MpO-Mgt/  pmm—mmees — e —
Blood Glass! Inside sampte showed a significant reduction
in wmsmittanee at the blue end. Outside
B3 sample had a significant reduction

transimission i the blue end and a shight
seduction of the upper end.

Visible 1060 nm
muror/ 10,810, on None B Remaned opncally elhcient.
B1004 Glass'

oISt s e . E- - e SO

DDt relevant to thiee satenal we presented o Sccten 1514

For the case of an andreflection (AR) coating (S1O./1100(A =1.06 pm o wavelengih) the
transmission decreased by up to 30 pereent ar 475 nmoand 20 percent at 900 nm, but actually
increased by 10 pereent at 600 nm, These effects were due to a contanunation layer. The
contamination was not removable by normal solvent drag means. An attempt to ramove the
contamination using an oxygen plasma for 3 hours only partially restored the transmission.
and the improvement was only about 10 percent and was imited to the wavelength range of

350 10 S5O0 nm (Ref. 7).
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For a sample with a solar rejection coating, the post-flight transmission was almost
ideatical to the pre-thight values, with a 3 pereent decrease in the wavelength range of 1000

to 1150 nm (Ret. 7).

A high reflectance silver coated fhght sample (with contaminant) and a control sample
were measured for BRDE. A near order-of-magnitude increase i seattered hight was
measured above 107 delta theta on the tlight sample versus that of the controb sample (Ret'

.

4.3.2.5 Darkening

No radiation darkening was evident on either the ULE™ or the fused silica glass
substrates flown e experient SO050-20 These results are consistent with expectations for
the electron, proton. and UV environment in the LIER orbit where the radiation environments
are taily benign. For higher orbital altitudes, it is antucipated that concerns about radiation
darkening of ULEM should be increased because of the inereased severity ot the radiation

cnvironmients. Care should be taken in the use of TILE an these higher altitudes (Ret, ),

4.3.2.6 Stress

For both AR coatings and solar rejection coatings tested ain experiment SO050 20 very

Hitde change i stresses was observed tor post thight versus pre flight (Ret. 7).

section.
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Table 4.3.2.6a. Stress Data Base for Coated Refractive UV/Visible Optics

MATERIALS/ LDEF .
JGURES . ‘On SNTS
COATING FIGURES LOCATION COMMENTS
Fused Sthca/AR 133 I-5 Contaminant did not introduce measutable stress
Fused Silicy/ [ERR 15 Contammant did not introduce measurible stress
AR/Uncoated sude

ULE"YM AR (AR -5 Afier Cleammg, pre- and post-thight
MCASUICIICHES Were very stlar

The samples were mcasared photoclastically tor stress before and after thight using
biretringence poliarimctry. The control samples were also measured for comparison purposes.

A summary of the results follows (Ref. 7):

. On the uncoated glass and high retlectance silver coated samples, the
contantnant. on the average, imduced a compressive stress of 42 psic Atrer
cleaning, the stress levels closely matched those of the pre-tlight measurements.,

. On the tused silica AR coated sample. the contaminant did not mduce any
measurable stress.

. A stress change could not be measured onthe solar rejection coated samples
duc 1o the high devel ol stress e the coatny . and the varation in stress

hetween sinples.
. No significant stress change was incasured between the tlight saonples after

cleaning and the control samples. The stresses dalso maintaied ther signs,
W COmpressions IEniinimg compressions, ele.

4.3.2.7 Contanmuation/Deterioration

X ray Photoclectron Spectroscopy (NPS) analysis of experiment SOD50 2 samples
showed the substrates and coatings 1o be covered with a thin layer of polymer which
contained stlicon. The contaminant, a light brown stain, was removed faicly casily with

normal cleaning techniques (exeept tor the AR coatmg) (Ret. 7).

4
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Table 4.3.2.7b shows reterences to related materials/effects covered in other sections ®
. of this handbook. :
> Table 4.3.2.7h. Contamination/Deterioration Effects Data Base for UV/Visible Coatings :
. Applicable to Coated UV/Visible Optics ®
. MATERIALS/ FIGURES LDEF COMMENTS ®
SUBSTRATE LOCATION °
Ge/ZnS/ThE! None B3 Peeling of coating due 1o vacuum or thermal @
cveling e
y " " Data relevant o this matenal are presented m Secion 415,17, (]
@
o
"or most ot the experiment SO050-2 samples the contaminant was silica-like in nature, @
‘ but on the ULE™ substrate and the AR coating, the contaminant was visibly darker and o
' appeared similar in structure to the silicone of the rubber gasket which was used to mount the :
=, optics. However, neither the relative atomic percentages or the relative sizes of the silicon ®
and oxygen peaks trom the XPS conclusively prove that the contaminant is a residue from the ®
mounting rubber gasket. Other silicon sources must be considered as well (Ref. 1) [ )
‘ o
Depth spuattering through the AR coating clearly shows the SiO /110, layers for both ®
_ the control and Thght samples. However the thight sample has a laver at the surtace :
: approxunately 30 A thick, vich in carbon and silicon. The carbon content rises as the P
contamination layer is sputtered away and disappears at the contamination-AR layer interface, ®
The total time required o sputter to the bottom of the S10,/110); layers was almost identical Q
. for both the Tight »nd control samples. Since the hardness of the coating on both saaples @
were assumed to be similar, the sputtering rates would have been equivalent, making the total L
coating thicknesses the same. This indicates that cither the top surtace of the flight coating ®
has been removed and replaced with the silicon/carbon Tayer, or the silicon/carbon has tused :
into the SiO, layer (Ret. 7). o
‘ @
®
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4.4 REFRACTIVE OPTICS FOR IR SYSTEMS

A variety of refractive optics materials was flown on LDEF that transmit in the IR
wavelengths. The LDEF data currently available for refractive IR optics are discussed below
and are subdivided into uncoated and coated configurations. Table 4.4.a shows a summary of
the experiments containing refractive 1R optics. Table 4.4.b is a cross-reference of the IR
refractive optics ifown on LDEF cross-correlated with the kinds of effects studied on LDEF

for these materials.

Table 4.4.a. Experiment Summary for Refractive IR Optics

EXPERIMENT REFRACTIVE IR OPTICAL MATERIALS
' A0138-4 ZnSe, ZnScefZnS/ThiE; on ZnSce
AO147 Uncoated fused silica
A0LT1 Conted tused silici

Uncoated fused silica, low iron soda-lime-silica glass.
AOL72 Pyrex 7740 glass, Vycor 7913 glass, BK-7 glass, and
Zerodur glass ceramic

Uncoated fused silica (122 Supersil-W1T - Amersil) and

(XX13-2 . o .
MUK coaied fused silica (Mgh,)
MOODR-T ALO o S10. Ston S0, Nab's on 810,
SO014 Uncoated fused silica
SO050-1 Cab.o Mol LiED ALO, (syathetic sapphire) an

uncoated fused sihica

Uncoated Tused silica, uncoated ULE™, ULE™/Ag
S0050-2 caating. and coated fused silica (AR coatings, solar
rejection coatings)

4.27

“~
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Table 4.4.b. Refractive Optics for IR Systems Flown on LDEF

EFFECTS

MATERIALS

memmo~Z =200

"mER~ZPR=E T

UNCOATED IR REFRACTIVE OPTICS

Fused Silica (S10,) ° o o

Zerodur

Pyrex

BK-7

Soda-Lime-Silica

ULE™ Glass

Cak,

Mgk,

Ll

ALO,

ZnSe

Vycor

o Data contamned m thic secion

o Data comancd m other, cross relerenced sections
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Table 4.4.b. Refractive Optics for IR Systems Flown on LDEF (Cont.)

EFFECTS

I A A D S S C
M T B A T C QO
p O s R R A N
3 A M / K E T 1
C 1 T K S T A
MATERIALS T C R N S E M
S A | R /
(0] N N D
X / G E
Y R T
G E E
E ¥ R

N I

COATED IR REFRACTIVE OPTICS
Muyl-/Fused Silica o o o o o
MeF, (A=1.06p)/2-thick on Fused o o o
Silica
Nab. on Si0, o
ALOUSION o o
ULEM™M/AY o e

SIS0, (e}

ZaSe/ZnS/Thl, on ZnSe .

o Data conbamned i this seaion

o Data contauned i other, crons reterenced weatrons

4.4.1 Uncoated IR Refractive Optics

4.4. 1.1 Impact Effects

Al LDEE refracuve IR optics samples suffered some impact damage due to either

micrometcoroids or man-made debriss Tmpact damage consisted of vatious nicks and chips,
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or small quasi-hemispherical craters surrounded by spalls with conchoidal surfaces similar to
that seen for uncoated refractive UV/visible optics. The phenomenology discussion pertaining
to Section 4.3.1.1 also applies to this section. Table 4.4.1.1a summarizes and provides a
guide to the materials contained in this section. Table 4.4.1.1b shows references to related

materials/effects covered in other sections of this handbook.

Table 4.4.1.1a. Impact Effects Data Base for Uncoated Refractive IR Optics

LDEF
- TGURES . INTS
MATERIALS FIGURES LOCATION [ COMMENTS

E.34 DY Exposed 70 months.  Locahized chipping and {racture
extending many particle diameters,

Fused Silica )
E.35 Ny Damage arcas are potential high scatter, high
absorption arcas.

S10. E.36 D4 No discernible changes exeept tor debris.

In general, fused silica seemed to be more susceptible to impact damage than was
S10, /Rets. S and 9). However, these samples were placed in different LDEF locations--D9
for fused silica versus D4 for Si0,. Location DY is near the leading edge or "ram” direction;
lacation D4 is near the trailing cedge. This seems to imply that the ram direction may be a
location where optical materials are more susceptible to impact damage (e, there is a
directional dependence on the micrometcoroid/debris environment). Other data for uncoated
Si0), samples flown in other experiments on LDEF near the leading edge were not tound.

Thus, it is difticult to provide a direct comparison between fused silica and 8iQ), concerning

their relative susceptibilities to impact damage.
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Table 4.4.1.1b. Impact Effects Data Base for Uncoated Refractive UV/Visible
Applicable to Uncoated Refractive IR Optics

Optics

P Darasrelevant to thes maatenad e presentedm aeden 18]

4.4.1.2 Atomic Oxygen

As with the data obtained tor Section L300 20 the fused sthca flown on experiment

1L.DEF
MATERIALS FIGURES . COMMENTS
! ' ’ LOCATION

E.l £:S Localized impact damage.

1.2 £S Localized damage. Radial cracking does
occur but does not propagite a great distance

Fused Silica! from impict site.

I3 N2 Molten pliass ietting. Fibers 100 long
projecting trom the fuse song.

Y n? Characterization of impact sie damage.

b D2 Central pit surrownided by lragpmented
material with ridiad cracks. Debris captured
in melt zone.

Zerodur! T T i L o T
k.S 2 No wmelt. Similar damage 1o that shown m
Figure B except in central Tusion zone.
[0 BN Characterization of impact site damage
Io BN Damage area S tunes centeal pal radius,
Purex! L./ (DN Oblijue rmpact produced strongly direetionad
: splashe Crer s cocolar,

B DR Charactenization ol unpact site daniaye

bR 2! Temnerature and pressne tor vaporizahion
BR.T eaceeded.

by BN Charctenization ol inpact site damage

None D! Tempesature and pressure tor vaponizaion

Soda-Line-Silica! L L B k\‘“dif_ o o
.9 J n’ Chiactenzaten ol unpact siic damaye.

SO050-2 was found to be resistint o the AO environment, as expected for an oxide. and no
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significant erosion was observed. Table 4.4.1.2b shows references to related materials/ effects

covered in other chapters of this handbook,

Table 4.4.1.2h. Atomic Oxygen Data Base for Uncoated Refractive UV/Visible Optics
Applicable to Uncoated Refractive IR Optics

. LDEF e
’ FIGURES ; <N
MATERIALS J FIGURES LOCATION COMMENTS

Fused Silica' None IS5 No damage was discernible

" Data relevant o this matenal are presented 1 Sechon 4112

4.4.1.3 Scatter

The optical scatter increased significantly for many samples in experiment MOO03-2.
Much of this increase was due to surface contamination resulting from outgassing of various
sthicones and hydrocarbons on LDELR and partially due to particulate debris. Post-retrieval
cleaning removed the contamination and reduced the scatter by up to three orders of
magnitude.  However, impact induced cratering and cracking sull gave local scatter of up to
five ordess of magnitude above the backpround Tevel. The data demonstrated that the leading
cdge suftered most, but there was also an mdication that the scatter was mereasig fo some
kind of limit or equilibrium because the increase in scattering in the Y-month exposures was

stiilar to the inerease in seattering in the 70 month exposure samples (Refs. 5 and 9). Table

4.4.1.3a summarizes and provides a guide to the materials contained in this section.
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Table 4.4.1.3a. Scatter Effects Data Base for Uncoated Refractive IR Optics

LDEL
MATERIALS | FIGURES e COMMENTS
’ LOCATION
[:.35 nY Impact sites produce arcas of high scatter
PR DY 70-maonth exposure. Scatter tensity from crater ceater
five arders of magnitude times that of background.
Fracture lines are high scatter sites.
Fused Silica , N . S
e ¢ SPRH Do Scatter varies by two orders of magnitude across the
surtice
110 B Cleaning reduced scatter three orders of magnitude
1240 1Y /O-rnonth exposute siular 1049 month exposure

For the MOOO3 2 samples, athree phase charactenization plan was developed and 1s
being implemented to deternune sample optical performance degradanons and to correlate
measuwred degradation with space exposure, During Phase Lowhich is sull onpgoing as of this
writing, the optical performance 1s being evaluated and correlated o siwnple (light position
and exposure duration. Phase T measirements are nondestructive and includes (D full
surface photography. (2) high resolution microscopy and photography . (3) preparation of a
detailed surtace map, ¢ absorption, (3) transmission and reflectance. (6) cllipsometry, (7)

scatter (BRDE) and (%) animpact site count.

Phase Howill mvestipate the fundamental veasons for perfornuncee depradauon.
Technigues will be used (o detwermine surface morphology and chemistry, filme depih profiles,
atomic population density, eroston depth, and mass loss. Technigques designed to investgate
the tundamental reasons for performance degradation are inmany cases imtrusive and cannol

be undertaken untl Phase T measurements are complety. '

During Phase L selected samples will be cleaned according o standard and/or

innovative opticadl cleaning procedures. Selected Phase T tests will be repeated o deternune i
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the sample’s performance can be restored to an acceeptable level. A small number of samples

will also be tested for laser damage.

The following paragraphs contain the most recent status of the Phase 1 results.

Full-Surface Photography: Full-surface photography has proven to be a valuable tool

for surface mapping and is a simple technique in which the sample is placed in a dark room,
ilfuminated by a high intensity light at a high angle of incidence, and photographed. The
photograph shows surface irregularitics as points of scattered light. - All full surface
photographs were taken in a Class-100-clean environment.  Each sample surtface (front and
buck) has been photographed twice, once with the sample fiducial mark at 0° to the direction
of lumination and again at 90", The photographs reveal that surfuce contamination and

damage vary greatly from sample to sample (Refs. S and 9).

There are significantly more scatter sites on LDEEF flown samples than the control
sample, implying that the LDEE space environment significantly increased surtuce
contanmination and/or damage. The increase in contamination/damage becomes even more
apparent i photographs of samples exposed for longer periods of time. The scatter sites
shown in the full surface photographs are being investigated with ditferential mierference
contrast are being made for unusual contammation arcas and impact sites. Optical
measurements are being made on the highly blemished surface arcas as well as on the cleaner

arcas (Refs. 5 and 9.

Microscopy:  Initial mucroscopy on the optical samples was performied by The
Acrospace Corporation (Los Anpeles. California) at the time the samples were removed trom
the trays. Phillips Laboratory is pertorming a final microscopic evaluation on each sample.
‘The tull surface photographs which have been tahen of cach surtace are assisting in locating
some sites requiring caretul examination in Phase Tand Phase IF characterization. The extent

of debris and micrometeoroid-caused damage varies. For example, a strike on Mgkl,-coated

4 4
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fused silica is relatively constrained. In contrast, an impact on uncoated fused silica produced
localized chipping and fracture zones extending many narticle diameters. Optics with
damaged areas such as these are potentially high-scatter and high-abserption optics (Refs. 5

and 9).

Scatter Measurements: BRDE measurements on the optical samples were made on a

research grade scatterometer, High Resolution Scatter Mapping Instrument (HRSMI), operated
in the Phillips Laboratory Optical Components Branch, The HRSMI is capable of high-
resolution-scatter measurements and surface-scatter mapping.  All scatter data reported to date
were taken at 6328 A, 1tis anticipated that samples flown on the leading edge and/or
exposed tor longer periods of time may be more highly scattering than samples flown on the
trailing edge and/or exposed for shorter periods of time. The sample surface was exposed on
the lTeading edge for 70 months; therefore it was anticipated that this surface would be highly
scattering, The scatter map (shown in Appendix E) shows scatter varying two orders of

magnitude across the sample surface (Refs, 5 and 9).

The effects of micrometeoroid damage are important for brittle materials.
Investigitors have found fracture lines extending 2 ¢m from impact sites. Scatter intensity
from the center of the crater is five orders of magnitude greater than the sample background,
Fracture hines extending from the crater are high scatter sites on the surtace and are indicated
in the mapping by rows of peaks. The intensity of the peaks is between one and three orders

of magnitude greater than the surface background (Refs. 5 and 9).

Scattered intensity versus detector angle for various fused silica samples were
evaluated. The data show the expected tend between trailing edge and leading edge samples:
namely, that the ground control sample and the trailing edge, 3-month sample, are the lowest
scattering of the four samples, while the leading edge are the most highly scattering (Ref. 9).
The two leading edge data curves had the same shape implying that the contamination

contributing to scatter is the same on both surtaces. Further, the measured scatter on both the
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70-month and 9-month exposed samples is the same. Two possible explanations for this
phenomenon are: (1) whatever is causing the scatter reached a limiting or equilibrium
condition where scatter is no longer affected or (2) contamination on the 70-month sample
was removed by AO. radiation, or some other type of scrubbing etfect which lowered the

scatter to a level comparable to the 9-month exposure sample (Refs. § and 9).

A preliminary attempt to determine the presence and magnitude of scattering from
surface contamination was made. Scatier from the unexposed side of the leading edge, 70-
month, uncoated fused silica sample was measured: the data shows the surface is highly
scattering. The surface was then blown with an air brush in an attempt to remove
contamination, and the scatter measurement was repeated. The data show that the surface
scatter was not reduced. An alcohol drag was then performed twice on one-half of the
surface, and the scatter was remeasured. The data show that cleaning the surface reduced the
scatter three orders of magnitude. This is a significant reduction in scatter, indicating that
there s considerable contamination on the sample surtace and that blowing the surface with

airis not effective in removing it (Refs, 5 and 9),
4.4.1.4 Absorption/T'ransmission/Reflectance

Samples flown on esperiment AOT3S-4 (1 DEEF Tocation B3, feading edpe) were tesied
for spectral performance. Post-flight tests indicae no significant diftferences in ZnSe spectral
performance (Ref. 10). Table o e sammarizes and provides a guide to the material

contained 1n this section.

Table 4.4.1.4a. Absorption/Transmission/Reflectance Data Base for
Uncoated Refractive IR Opties

I MATERIAL FIGUREN 1.DEF COMMENTS
LOCATION

[{ /nSe I None ] i No sipniticant difference

430
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Table 4.4.1.4b shows references to related materials/effects covered in other sections

of this handbook.

Table 4.4.1.4b. Absorption/Transmission/Reflectance Data Base for
Uncoated Refractive UV/Visible Optics Applicable to Uncoated Refractive IR Optics

LDOEF
MATERIALS TGURES o JOMMENTS
! ALS FIGU LOCATION COMMENTS
Fused Silica' B0 ES Cleaning returned sample to pre-flight values
ULE™ Glass' .11 15 Cleaning returned sample to pre-flight values
B.12 k-5 Organic contaminant on both surfuces, Catastrophic loss
Cak! in UV, Transmission ranges from 0 at 200nm to
SO pereent at I80nm
AR 15 Organic contamination.  Catastrophic loss in UV, Better
than Cal, because organic contamumation is only on
Mgk, front surlace (Contamination film inadvertently removed
) from back surface).
4 IS Same as B3
LS LS Similar to Cal,
Lit! 1
[T I:5 Similar to EL15.
| None 125 Orgamic contmnnation. Substrate does not transiit
ALQO,
: below 150 nm
SO None IS5 Orgame contamination. Substrate does not tansmit
T below 150 nm

" Dat relevant to this patenai ane presented i Sechon VT

Because of organic contamination, there was o significant decrease in the transmission
at all samples. After cleaning, the tused silica and ULE™ samples transmission returned to
nearly pre-flight values. No data are available on the effects of cleaning on the other
samples. It should be noted that these data from Section 4.3.1.4 are for fused silica samples
flown on LDEF near the trailing edge. The fused silica samples from experiment M0O003-2
were flown near the leading edge. The exact correlation between leading edge and wrailing

edge effects are still to be resolved among the LDEL experimenters,
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4.4.1.5 Darkening

Specific discussions concerning materials of interest, such as uncouted fused silica, are
covered m Section 4.3.1.5. Darkening Effects on Uncoated Retractive UV/Visible Opties. No
radiation darkening was observed in the fused silica. The argument concerning ditferences in
responses for trailing edge versus leading edge samples discussed in the previous section on
transmission do not apply here for darkening. There is no assumed directional-dependence in

the radiation environments,

Table 4.4.1.5b shows references to related materials/effects covered in other sections

of this handbook.

Table 4.4.1.5b. Darkening Effects Data Base for Uncoated Refractive UV/Visible Optics
Applicable to Uncoated Refractive IR Optics

LDEF ,
MATERIALS | FIGURES | | 00 COMMENTS

Fused Silica! None [T No darkening evident

" Datarelevant to thee matenal are presented m Secoon $ VLS

4.4.1.6 Stress

Specific discussions concerning materials of interest, such as uncoated fused silica, are
covered m Section 4.3.1.6, Stress Eftects on Uncoated Refractive UV/Visible Optics. In the
UV/visible samples tlown in experiment SOOS0-20 stresses were observed in the fused silica

but were tound 1o have a negligible effect on oprical performancee.

Tahle 4.4 1.60 shows references 1o related materials/ettects covered in other sections

of this handbook.

000000000000OOOCGOOGONCSONOGOOOGOZOONOOOOOGRNONASNARASNNSNAANANNY
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Table 4.4.1.6b. Stress Effects Data Base for Uncoated Refractive UV/Visible Optics
Applicable to Uncoated Refractive IR Opties

1.DFF -
MATERIALS FIGURES oy COMMENTS
’ LOCATION
N L7 kS Strength of exposed sample indistinguishable from T
Fused Silica! contral sample
LY D2
ULET k17 5 Strength ol exposed sample indistingaishable trom
control siamiple
HK 7' B D2 Strength of exposed sample mdistinguishable from
control sunple
. . . IR n) Strength of exposed siwnple indistingushable from
Sada-Lime-Silica! ' ' ' ’
control saunple
Pyrex! L1/ b Stenpth of exposed sample ndistingushable from
o contiol sample
Vyear! 1.1/ D! Stenpth of eaposed sample mdisiigashable Teom
M contal sample
: . 117 N Stienpth ol exposed sample mdistiyrushable nom
Zeodur :
conltol sample
Caby AR B

Fractured siumple

" Data relevant o ey materal are presentad m Sednn P36

As with preceding sections, the data Trom Section L3000 are Tor the experiment

SO050 2 fused silica samples flown on EDEE near the traling edpe, The fused silica sample

from eaperiment MOODE 2 were Hown near the leading odye.

The ex:

wt correlatton behween

leading edge and wailing cdpe effects is sull o be resolved among the LDEE experinenters,

4.4.1.7 Contamination/Deterioration

A brown discoloration caused by a contawmimating Hilm was evident on most of the

S0050-1 T.DEE samples. The filn appeared Prigle. No discoloration of bulk optical material

wils noted.

139
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Table 4.4.1.7b shows references to related materials/eftects covered in other sections

of this handbook.

Table 4.4.1.7b, Centamination Data Base for Uncoated Refractive UV/Visible Optics
Applicable to Uncoated Refractive IR Optics

]
[ MATERIALS | FIGURES LDEF COMMENTS
' R R LOCATION o
1220 kS Organic film appeared brittle
MyF! —
.21 ES Organic filmy present on front surface
.22 1S Organic film present on both surfaces
Lik! -
.3 iS5 Organe film appeared sprayed on
ALOY F.24 IS Orpanic fitm present on both surfaces
Si(y,! E.25 ES Showed substrate selectivity
I Calsy! .20 S Organi filim present on both sides
| R T S agbep el bt e e e

1 . -
Data selevant 1o thic matetial are presentea i Sechion 3,317

4.4.2 Comed YR Refractive Optics

4.4.2.1 Impact Effects

Aospecttic discession of materials related to Uncoated Kolractive 1R Optics s
presented in Scectien 40001, Impacts Effects on IR Coatings. In general, all samples showed
some napact effects, Pacaenlacly, those samples flown in leading edge locations showed

sev il micrefracture. U ble 4.2 1b shows references to related matenals/eftects covered in

other sections ol this handbo. k.
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Table 4.4.2.1b. Impact Effects Daa Base for IR Coatings Applicable to
Coated Refractive IR Optics

MATERIALS/ LDEF

1GURES . ' TNTS

SUBSTRATE FIGURE LOCATION COMMENTS
Mt/ .47 Do Damage s localized

Fused Silica'
NI .48 P Damage layer removed from around impace Liver

ar due to UV or AQ
THEJAp/Crf .49 (Y] Overall damage arca is several times crater size

Mo! Coating Tailure s observed

A+ (ALO /ST [:.50 X Microfractured. cortoded. cratered

Polished Sthicon'

ALLO), 1551 i Microlactured. Hahked

/510,
As.Se pLS2 DR Crazed. discolored
Sio!
Au/ .53 [BX Unchaniped
Ni/AY

"t velevant b thas marerad ane presemted e Secnon Lol

4.4.2.2 Atomic Oxygen

At the present time, no data have been found for this section,
4. 3 Scatter

As discussed in Section L3230 for Mal-coated tused sthea on experiment MOOO3 2,
the mduced seatter was tound to be less sor the Jeadimg edge than tor the trailing one. Thix

result wis essentitly the same tor both 9 month and 6Y-month exposures (Rets: 5 and 9y,

Table 4-1.2.3b shows references to velated materials/eflects covered i other sections

ol this handhbook
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Table 4.4.2.3b. Scatter Effects Data Base for Coated Refractive UV/Visible Optics
Applicable to Coated Refractive IR Optics

e . e o LDEF . T
MATERIALS FIGURES LOCATION COMMENTS

Mglb/Fused Silica! 1,27 DY Leading edge showed less scatier (coating may
b3 be removed by AO)

Ag/ULE™ 128 LS Increase in scatler

" Data relevant o thiy matenal are presented i Secton 43203

4.4.2.4 Absorption/Transmission/Reflectance

All of the substrates and coatings {Town on experiment SO050-2 expericnced a
sigmiticant performance reduction after tlight, but afier eleaning (except tor the AR-coated
samples which could not be cleaned), the sample optical performance returned o the

pre-thght measured values (Ref, 7).

Table 4.4, 2.:0h shows references to related materials/etieets covered in other sections

of this handbook.

Table 4.4.2.4b, Absorption/Transmission/Reflectance Effects Data Base for 1R Coatings
Applicable to Coated Refractive IR Optics

MATERIALS/ . . LDEF _

JGURES ' N

SUBSTRATE FIGURES LOCATION COMMENTS

Thi,-Ay/
Blo6d Glass!

Outside/nside samples showed Title change an
reflectance over all wavelengths.,

R

Outside/inside samples had stpnithcantly -
reduced retlectance except at the blue end.

ALO -Ag/Kanigen! B3

ULE YAy Contamination reduced fransmission. Cleaning
LAy

L ' retned sample to pre Hight value.

SESTTISTIITIT T TnI LIiD. T A S rSTTT LTS Tt T —

P Data relevant 1o this materal are presented m Secton 15011

*Data relevant 1o this nuatenal are presented i Sechon 8382
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4.4.2.5 Darkening

At the present time, no data have been found for this section.

o

4.4.2.6 Stress

For both AR coatings and solar rejection coatings tested in experiment S0050-2, very

little change in stresses was abserved for post-tlight versus pre-flight comparisons (Ref. 7).

Table 4.4.2.6b shows references to related materials/effects covered in other sections

of this handbook.

P2

1

Table 4.4.2.6b. Stress Data Base for Coated Refractive UV/Visible Opiics
Applicable to Coated Refractive IR Opiics

MATERIALS, | LDEF
TGURES COMMENTS
COATING FIGURES || COMMENTS

Fused Silica/Ayp! PR} 15 Atter cleaning, pre- and post flight measuremenis were
very similar

RS
—

ULESY Ay I3 I:5 Alter cleaning, preand post Hight measnrements were
very similar

" Data wlevant to this mal snal are presented o Secion 3 L6

4.4.2.7 Contamination/Deterioration

A number of optical materials flown on LDEFE showed signs of contanunation,
Analysis of flight samples flown on experiment SO050-2 showed the substrates and coatings
to be covered with a thin Tayer of poltymer which contained silicon. The contaminant, a light

brown stain, was removed fairly eastly with normal cleaning techniques (except for the AR

e 000 000000000000000000000O0C0CGOCGOONREGOOOOOOOOROOOTS

coating) (Ref. 7).
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Table 4.4.2.7b shows references to refated materials/effects covered in other sections

of this handbook.

Table 4.4.2.7h. Contamination/Deterioration Effects Data Base for IR Coatings
Applicable to Coated Refractive IR Optics

MATERIALS/ FIGURES L.DEF COMMENTS
SUBSTRATE LGCATION
Ap+(ALOSZnSYY .59 DA Discolored and hazed.
Polished Mo
SiI/Si0,! .60 D3 Particle contamination,
LIRVATION .ol D3 Dk red contanination.

Myl (A=1.06pmy/ P54 (PN} Fibrous matter and film Tragments, Blisters,
2 thick on Fused Silica’

Zns/S10,! 1:.55 DY Showed surface cracking and thiking
ALOYSION 1.0 PR} Ridomly-distributed bhsters and laking,
AsSe! 152 M Slight crack at edge. Contaminated.
b5 [ Fntre coiting is crtzed and blistered around
debrnis spot.
Ml Yy [0 Fntee coating is crazed and blistered inound
: debris spot.
5y I Ennre coating is ciazed and blistered swoumd

debus spat.

"Bt reley ant to ths modenal e presentedoan Sechon 1ol

2900500000000 00000000000200000000000090000000 ¢
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4.5 COATINGS FOR UV/VISIBLE SYSTEMS

A number of coatings covered under IR systems are equally applicable to UV/visible
systems. To avoid needless duplication, section citations within the IR section are given
along with a descriptive table for these materials: the narrative material is not reproduced in
this chapter. Table 4.5 shows a summary ot the experiments containing coatings for
UV/visible systems. - Al UV/visible coatings in dus experiment were flown near the trailing

cdge of the LDEE spacecraft.

'l'nl)lc 4 q.a. l \ponnwnl Summ.ln tm U\'/\’mhlc ()pms ( u.mn;,s

l )\l'l RIMI'NI l \/\I\ll{l I ()I’Il( Al ( \)AIH\( S

S10) on I I ()\/’\I on ()u.nl/ /\;'//\l on ()u e, /\ll//\l
on (s, 1ml Ms'l //\l onh ()n ny

M)} JAL on Hl(\( 1 oplass. M"l //\I on l\mug'ulul ’\l
Nt Nl on Biob ! plass | al® JOmolie /Mgl on
Blood plass ThE /A on BTOGE plass ThE /A on
Kanpened Al /AL on BEOGE glass, LiF/AL on
Kantgened ALCALO /Mo on Kampened AL S0 nm
diclecuic oo Blood phiss, 1060 nm dielectric/ 1O /8i0),
on BLo6d phass and 106 iy munor:Ge ZnS ThE, on
BInGE plass

ADO L

ADT AR

ADTIN S Al on pliss, PUon pliss

H

SN

Tuable .5.b shows the UV/visible contings and the effects addressed by the TDEE

experimenters,
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Table 4.5.b. Coatings for UV/Visible Systems

e [t contamed an thin sedon

o [Data contuned inother s cross peterenced wechons
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Table 4.5.b. Coutings for UV/Visible Systems (Cont.)

MATERIALS

As.Se /S0,
AW/NI/AL

ALOUNpENERIC THOET on

BIoo-d Gliss

Fused Sihica/Solin Rejecnon
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Table 4.5.b. Coatings for UV/Visible Systems (Cont.)

EFFECTS
| A A D S S C
M T B A T C Q)
r Q) R R A N
A M / K I T T
( | | I S T A
MATERIALS T ¢ R N 5 I M
S A 1 R /
QO N N 1)}
X / G |
Y R T
G | 8 K
k | R
N
Al on Glass o
Pron Glass o

SIO/AT on Pyies

Os/AL on Quanty

Ap/AL on Quiniys
AU/AL on Oty

Mpb /AL on Quaity

o Data contaned mothis wection

o Data contamed moother, crosy peletenced waectons

4.5.1 Coated UV/Visible Optics

4.5.1.1 Tmpacts

All discussions of impact efteets on IR coatings that are equally applicable to

UV/visible coatings are covered in Section «.6.1. 1, Impacts Effects on IR Coatings. In

general, all sumples showed some impact effects. Those samples flown on experiment
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MOO003-2 and on the leading edge (at locations D8 and DY) showed several microfractures.
The trailing edge samples were crazed. but so were the control samples leading the
experimenters to the concluston that crazing is related (o coating manufacturing stresses, and

not necessirily related to the space environment,

Table 4.5 1. 1b shows references to related materials/effects covered in other sections

of this handbook.,

Table 4.5.1.1h. Impact Effects Data Base for IR Coatings
Applicable to UV/Visible Coatings

MATERIALS/ LDOEF

JGURES ‘0 INTS
SUBSTRATE FIGURES 1y oearion COMMENTS
Myt bobi DY Damagre s locahized

Fused Stlica!

. - I-.10 o Overall damaye area s sevetal tines cnaler size
Cir/Ag/ThE N \ )
Coatting Lulme s observed

A ALOGSH on .50 (BN Nictod e tired, comroded . craered
Pol-hed Sthicon!

ALOSSION I Al D3 Nicrotractueed, taked
AN Se ) LAl PR Crazed, discolored
S0
ANLAY foon BN I nchanyed
NMyl-(a 1 Oopmy/ ) (R B3| Crazed. Contamnnted
thick an Fused
Sthica!
) . (RN h 1o Daniged Laver iemoved around mpact doe (o
Nal-. on Si0, ! ! . ' I

LIV or AD

Y Data relevant Tothrs materal e presentesd o Secton Vo0l

4.5.L.2 Atomic Oxygen

At the present time. no data have been found for this section.
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4.5.1.3 Scatter

All discussions of scatter eftects on coated UV/visible refractive opties that are equally
applicable to UV/visible coatings are covered in Section +4,3.2.3, Scatter Effects on Coated
UV/Visible Refractive Optics. As discussed in Section 4.3.2.3, for Mgk, coated silica the
induced scatter was found to be less for the feading edge than for the trailing one. This result

wis essentially the same for both 9-month and 69-month exposure  (Refs. § and 9).

Table 4.5.1.3b shows references o related materials/etfects covered in other sections

of this handbook

Table 4.5.1.3h. Scatter Effects Data RBase for Coated UV/Visible Refractive Optics
Applicable to UV/Visible Coatings

L.DEFK
MATERIALS TGURES o ‘OMMENTS
ATER FIGURI LOCATION COMMENTS
MplJEused Silica! (Y (B3 Leading edpe showed less seatter (coating,
1) removal by AQ))
ApfULES b8 IS Increase in seatler

"Dt elevant o this mabeaal e presented m Secton 33801

4.5.1.4 Absorption/Transmission/Reflectance

In experiment AOT38-4 the Al/MelE, coating on BI66 plass substrate showed a
relative retlectance loss of 16 pereent and on a Kanigened Al substrate showed a 23-percent
loss, Whether the samples were cleaned prior to post-flight examination is not reported by

the experimenter. There was very litde degradation in the Au, ALOVAg, and ThE/Ag

coatings whether they are o B1664 glass or Kanigened Al substrates (Ret, 10,
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Tuble 4.5.1.4a summarizes and provides a guide to the materials contained in this

section,

Table 4.5.1.4a. Absorption/Transmission/Reflectance Effects Data Base
for llV/le)Ic ¢ ().llnu,s

|

Table 4.5

of this handboolk.

MATERIALS/
T AT TGURES LOCATION 0 ENTS
SUBSTRATE FIGURI ATHO COMM
Al-Mpliy . Outside/inside samples had significantly-
b4l B3
HI(»M (||.l\\ xulmul rellect nee aver .lll \\.I\.Lll nylh\
Thisy-Ay/ N Outsede/inside samples showed Lule change in
(IR B
thM (1|.I\\ e “( clance over .lll wivele ny lh\
ALO-Ay/ i i Outside/inside \"nnplv\ i \'l;'mllv;mllv
l\ Illl)tll o mimul u‘llulmu eaeepl ar llu hlm und
Al-Myly ‘ Inside siunple had sigmficant I_L‘dun'lmn i
Lo Frodd B3 rellectanee ar npper ead. Owtside sample had
Kanipen )
stipmbicant educnon dcioss the ennire band.
hiside ample showed shight shiit
14 3 etlectanee. Outside sample had Tidle
o reduction at the bloe end but a shiyhe shalt 1o
the high end.
My Myl B .
1664 Glass lisicle sample showed @ syprmhicant weduction
i lansantemee at the blue end, Outside
.46 B3 sample Bad o signdicant seduction m
fransimssion at the blue eind and ashipla
reduction at the upper end.
Visble 4 1060 nm
nurror/ 1O -S10 . on Nong B3 Remamed optically efhcent.
B I()()-l (|[ ISy
AL YMgi, /MI RK Shght reduction e ransmiitiance at blue end
6 on Bl66d None B3 of spectrum and slipht increase in
Gilass u msmitanee .ll hlj h uui

CLAAb shows references to related materials/eftects covered inother sectivns
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Table 4.5.1.4b. Transmittance Data Base for Coated Refractive UV/Visible QOptics
Applicable to UV/Visible Coatings

MATERIALS/ g e LDEF . N
oy A TIN g e FIGURES Cap COMMENTS
COATINGS | LOCATION
R , . - _
Fused Silici/Ag! e 28 kS Contaminaton reduced transmission. AN ICTease in
USCd (&
& scatter was measured.
B9 S Contamination reduced transnussion. Cleaning returned
. Sq- o 1 Ne- 1 . S
Fused silica/ ] ) | sample to pre-flight value
y O e el ! R . N . . . . N .
Solar rejection 1230 1S Contamination reduced transmission. Cleaning returned
sample to pre-flight vilue
ULESYAR! Ky LS Contamination reduced transmission. Cleaning returned
" E sample o pre-tlight value
SUUEUI S SRS SRS [0 - J
Fused Silica/ Contamination reduced transmission, Normal cleaning
USCA Ci . e - .
\nti-rellection” 1232 i methods not elfective. Needed exposure o oxygen
I SeHeCti . :
plasma to improve performance

" Data relesvant 1o tis matenial ate presented in Section 4 V21

In experiment AOTIX-4 the MpO/Mgl, coating on B1604 glass showed a significant
reduction in speetral width for cach trailing edge flight sample (202 38 percent reduction).
This is to be compared with the TO /S0, coating on B166-1 glass which remained optically -
clficient even though the thight sample showed somie thin cracking. The ALO/Mpl, AR
coating showed a very shght ¢ 1 percent) reduction in average ransmittance over a spectral

ringe ot 400 100 i (Ret. 10),

4.5.L.8 Darkening

To date, no data have been identified for UV/visible coatings for this effect.
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4.5.1.6 Stress

All discussions of stress effects on IR coatings that are equally applicable to
UV/visible coatings is covered in Section 4,.3.2.6, Stress Effects on Coated IR Optics. For
both AR coatmgs and solar rejection coatings tested in experiment SO050-2, very little change

in stresses was observed for post-flighe versus pre-flight,

Table 4.5.1.00 shows references to rehated nuterials/effects covered i other sections

of this lunwdbook.

Table .5.1.6b. Stress Data Base for Couted Refractive UV/Visible Opties Applicable
to U'ViVisible Coatings

, MATERIALS/ . . LD I .
JGURES ' MENTS
| COATING FIGURE LOUATION ! COMMENTS
Faused Silic/AR! B [ Condiannnant did aot mtoduce measatable stiess
Fused Silicw/ IFURR) |8 Contannnant did not mttoduce messurable stiess

AR/Uncoated sude!

UHL T A .18 £.5 Aler clesng . pre and post Hgtht micasurements
wete very sl

"Dt relevant o e matenal e presented ain Sedten 12 6

4.5.1.7 Contamination/Deterioration

Coatmgs including many high stressed lavers (oxides and fluorides) show an evident

rish of mechanical degradation due o thermal eveling.

Table A5 170 summarizes and provides a guide to the materials contained in this

section,
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. Table 4.5.1.7a. Contamination/Deterioration Effects Data Base for UV/Visible Coatings
MATERIALS/ FIGURES LDEF COMMENTS
SUBSTRATE LOCATION
Ge/ZnS/ThE, on B1664 None B3 Peeling of coating duc to vacuum or thermal
Glass cycling
SiO/Al on Pyrex None C3 Degradation in UV spectral reflectance due
C9 to contamination.
Os/Al on Quartz None C3 Complete oxidation of the silver film and
C9 complete oxidation and evaporative removal
of Os film on leading edge.
Ag/Al on Quartz None 3 Complete oxidation of the silver film in both
C9 leading edge and trailing edge samples.
. Au/Al on Quartz None C3 Slight visual difference in leading edge
’ C9 samples. No obvious effect on trailing edge
samples.
MgF,/Al on Quartz None c3 No visible effect in leading edge or trailing
9 edge samples

The Ge/ZnS/ThF, coating on B1664 glass was flown on experiment AO138-4 and
tested at 10.6 pm wavelength. No significant changes in reflectance were measured due to
any contamination observed. It is not known whether the sample was cleaned prior to making

the retlectance measurements (Ref. 10).

The contaminant collector mirrors (SiO/Al/Pyrex, Os/Al/Quartz, Ag/Al/Quartz,
Au/Al/Quartz, and MgF,/Al/Quartz) were flown on experiment AO034. All samples were
examined visually and reflectance measurements were made to determine the effect of the
observed contaminants. For the SiO sample, contaminant coloration was observed on both
leading and trailing edge samples resulting in degraded spectral reflectance. For the Cs and
Ag sampies, oxidation and surface removal was observed contaminating the surfaces. The

leading and trailing edge samples of the Au and MgF, were found to have little or no effect
(Ref. I1).
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Table 4.5.1.7b shows references to related materials/effects covered in other sections

of this handbook.

Table 4.5.1.7b. Contamination/Deterioration Effects Data Base for IR Coatings
Applicable to UV/Visible Coatings

. MATERIALS/ FIGURES LDEF COMMENTS
SUBSTRATE LOCATION
Ag+(AL,OyZnS)Y E.59 D8 Corroded and hazed.
Polished Mo
Si/Si0,! E.60 D3 Particle contamination.

PbF,/Si0,' E.61 D3 Dark red contamination,

MgF, (A=1.06um)/ E.54 D4 Fibrous matter and film fragments.
2 thick on Fused Silica'

ZnS/Sio,! E.55 D9 Showed surface cracking and flaking
ALOSIO, E.56 D3 Randomly-distributed blisters and flaking
As,Sey/Si0, E.52 D3 Slight crack at edge. Contaminated.

E.54 D4 Entire coating is crazed and blistered around

°
®
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°
°
°
T
je
1o
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®
°
°
1o
)
°
)
°
°
°
°
(©®
°
°
:-’-:
°
j®
)
K J
°
°
le
o
do
®
°
[ o
@
)
®
)
°
)

debris spot
L

- E.57 D4 Entire coating is crazed and blistered around
, . _
MgF/Fused Silica debris spot

E.58 D4 Entirc coating is crazed and blistered around
debris spot

' Data relevant 1o this material are presented in Section 4.6.1.7.

4.6 COATINGS FOR IR SYSTEMS

All data contained in this section are from samples flown on experiment
Stations AO138-4, M0003-2, -6, -7, and S0050-2. Table 4.6.a shows a summary of the

experiments containing IR optical coatings.
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Table 4.6.a. Experiment Summary for IR Optical Coatings

EXPERIMENT IR OPTICAL COATINGS

LaF/Chiolite/MgF,, Ge/ZnS/ThF, on B1664 Glass,
AO183-4 ThF,/Ag on B1664 Glass, AL, O,/Ag on Kanigened Al,
ZnS on Ge

MgF./fused silica, ThF,/Ag/Cr on Mo, MgF, (A =
1.06pm)-2-thick on fused silica

Au on Ni/Al

Ag+(AL0ySiy on polished Si, ALO, on SiO,, As,Se, on
Si0,. ZnS$ on Si0,, Al+(ALOyZnS)* on polished Mo, Si
on Si0,, PbF, on Si0,, NaF2 on SiO,

Ag on ULE™

Table 4.6.b is a cross-reference for the IR coatings and the effects addressed by the

LDEF experimenters.

4.6.1 Coated IR Optics

4.6.1.1 Impacts

In general, all samples flown on M0003-2 showed some impact effects. Those

samples flown on the leading edge (at locations D8 ard D9) showed several microfractures.

Table 4.6.1.1a summarizes and provides a guide to the materials contained in this

section.
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®
' : Table 4.6.b. Coatings for IR Systems
EFFECTS v
@
3 . 1 A A D S S C
! M T B A T C 0
@ P 0 S R R A N
® A M / K E T T
! C I T E S T A
@ MATERIALS T | c| R | N S E | M
4 ' S A I R /
0 N N D
@ X / G E
Y R T
. G E E
e : F R
® N L
g MgF,/Fused Silica ° o o o e
® LaF,/Chiolite/MgF, o
o
) Cr/Ag/ThE,/Mo .
® .
@ Ag+(ALO,/SiY on Polished Si ° °
13
® ALOYSIO, o o
L) _
® As,Se,/Si0, . °
@ Au/Ni/Al .
o _
® MgF,(A=1.06pm)/2-thick on Fused e Py
pe Silica
ZnS/8i0, e
®
® Ag+(ALO,/ZnS)* on Polished Mo o .
‘ . .
. Sl/SlO'_y Y
o PbE/SIO, o
o
@ NaF, °
@ .
e Data contained in this section
. o Data contained in other, cross-referenced sections
@
o
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Table 4.6.b. Coatings for IR Systems (Cont.)

EFFECTS
I A A D S S C
M T B A T C o
' P O S R R A N
A M / K E T T
C I T E S T A
MATERIALS T c R N S E M
) A I R /
O N N D 4 17‘
X / G E C
Y R T
G E E
E F R
N L
10.6 pm Mirror/Ge-ZnS-ThF, on *
B1664 Glass
ThE/Ag on B1664 Glass o
. ALO,/Ag on Kanigened Al o
ULE™/Ag o °
ZnS on Ge °
i TiO,/SiO; on B1664 Glass o
ZnSe/ZnS/ThF, on ZnSe o
|

e Data contained in this section
¢ Data contained in other, cross-referenced sections
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Table 4.6.1.1a. Impact Effects Data Base for IR Coatings

AL FIGURES | | LDUF COMMENTS
MgF /Fused Silica E47 D9 Damage is localized
NaF, on SiO, E.48 D9 lI())alr?ii/g(e)rlz:lilgr removed from around impact due
ThE JAg/Cr/Mo E.49 D9 8;;:;1; c:g;ljiei:rslz:sicswsz;cral times crater size
Ag+(ALO,/Si) E.50 D8 Microfractured, corroded, cratered
Polished Silicon
ALOY/SIO, E.S1 D3 Microfractured. flaked
As,5¢,/Si0, ES52 D3 Crazed, discelored
Au/Ni/Al ES3 D4 Unchanged
MgF,(A=1.06pm)/ 2 E.54 D4 Crazed. Contaminated
thick on Fused Silica

An MgF, coating was applied to fused silica and flown as part of experiment M0003-
2. The impact damage tended to be less localized than for bare fused silica, with more
extensive crazing and a larger tendency to involve long cracks originating at the impact site.
Further, local delamination of the coating(s) occurred around the edge of the craters. The
clearly-identified craters were much deeper than the coatings, and thus were mostly in the
fused silica, and produced the same conchoidal surfaces as for bare silica. Synergistic effects
were also observed (e.g., for NaF; coatings), such that coating material was sometimes
removed around the impact site owing to the further interactions with either UV and/or AO.
The extensive crazing was apparently not only caused by the impacts, however, since even
ground controls of MgF, displayed similar effects, suggesting that the problem was associated
with high in-situ stresses generated at manufacture. Further, there were no indications that

the crazing itself significantly interacted with the cratering phenomena, or vice versa (Ref. 9).

MO0003-2 coatings on Mo also showed damage arcas many times the crater size

leading to coating failure (Ref. 9).
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From experiment M0003-7, observations show, for Ag+(AL,0,/Si)’ on polished Si,
three small impact craters, surrounded by localized cracking on the exposed coating surface,
The coating was cracked in spirals at the perimeter of the exposure area. The coating
appeared to be blistered in the vicinity of the spiral cracks; flaking in the cracked region

revealed a corroded and discolored residual surface (Ref, 12).

For the Al,O; coating on SiO,, fine fractures which intersect and terminate in defects
in the coating were discernible in the exposed surface areas. There were some small areas
where the coating had flaked away revealing the smooth surface of the substrate. A small
number of individual blisters or bubbles were discernible in the coating. These features

varied in size, were randomly distributed, and were present globally on the surface (Ref. 12).

These observations are to be contrasted with the As,Se, coating on SiO, sample. After
space exposure, the coating appeared nonuniform in color to the eye. At high magnification,
it was apparent that the exposed surface was crazed and that the observed variation in color is
due to the presence of contiguous green patches in the otherwise pink coating. There were no
discernible morphological features associated with the green patches and they did not

correspond to the crazed fragments in the coating (Ref. 12).

For the M0003-6 experiment, a sample of electroplated Au on Ni/Al, when examined,
showed a small quantity of debris on the surface, but no other changes were discernible

(Ref. 12).

A micrometeoroid impact site was found on one of the samples. The impact crater
measured 0.3 mm in diameter by 0.03 mim deep. Multiple fractures occurred in the glass at

the impact site (Ref. 7).
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4.6.1.3 Scatter

of this handbook.

4.6.1.2 Atomic Oxygen

At the present time, no data have been found for this section

Specific discussions of scatter effects on coated UV/visible refractive optics that are
equally applicable to IR coatings (i.e., MgF,) are covered in Section 4.3.2.3, Scatter Effects
on Coated UV/Visible Refractive Optics. For MgF,-coated silica, the induced scatter was
found to be less for the leading edge than for the trailing one. This result was essentially the

same for both 9-month and 69-month exposures (Refs. 5 and 9).

Table 4.6.1.3b shows references to related materials/effects ccvered in other sections

Tabie 4.6.1.3b. Scatter Effects Data Base for Coated UV/Visible Refractive Optics
Applicable to IR Coatings

. . LDEF
MATERIALS FIGURES LOCATION COMMENTS
MgF,/Fused Silica' E.27 D9 Leading edge showed less scatter than trailing
D4 edge
Ag/ULE™ E.28 ES Increase in scatter

' Data relevant to this material are presented in Section 4.3.2.3.

L X J

4.6.1.4 Absorption/Transmission/Reflectance

Specific discussions of absorption/transmission/reflectance effects on UV/visible

coat'ngs that are equally applicable to IR coatings (i.e., MgF,) are covered in Section 4.5.1.4,

- Absorption/Transmission/Reflectance Effects on Coatings for UV/Visible Optics. Within the
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Section 4.5.1.4 data, the Al/MgF, coating on B1664 glass showed a relative reflectance loss
of 16 percent and on Kanigen, 23 percent loss. Whether the samples were cleaned prior to
post-flight examination is not reported by the experimenter. There was very little degradation
in the Au, ALLOy/Ag, and ThF,/Ag coatings whether they are on B1664 glass or Kanigened
Al

Table 4.6.1.4a summarizes and provides a guide to the materials contained in this

section.

Table 4.6.1.4a. Absorption/Transmission/Reflectance Effects Data Base for Coatings

MATERIALS/ LDEF
. . e i
SUBSTRATE FIGURES | ocaTion COMMENTS
Ge-ZnS-ThF, on None B3 No significant change.
B1664 Glass

Table 4.6.1.4b shows references to related materials/effects covered in other sections

of this handbook.

Table 4.6.1.4b. Absorption/Transmission/Reflectance Effects Data Base for
UV/Visible Coatings Applicable to IR Coatings

MATERIALS/ . e LLDEF < NG
SUBSTRATE FIGURES | | ocaTION COMMENTS
ThF,-Ag/ E.42 B3 Outside/inside samples showed little change in
B1664 Glass' ) ) reflectance over all wavelengths,
AL O,-Ag/Kanigened E.43 B3 Outside/inside samples had significantly-
Al o ) reduced reflectance except at the blue end.
ULE™/Ag? E 3 ES Contamination reduced transmission. Cleaning

returned sample to pre-tlight value.

' Data relevant to this material are presented in Section 4.5.1.4.

? Data relevant to this material are presented in Section 4.3.2.4.
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4.6, Coatings for IR Optics

4.6.1.5 Darkening

At the present time, no data have been found for this section.

4.6.1.6 Stress

LDEF contaminants did introduce some stress in IR coating materials, In general,

however, the amount of stress was negligible and did not affect the coatings optical

performance as seen in Table 4.6.1.6b for fused silica- and ULE™-based optics. MgF,-based

optics, however, did not survive the contamination-induced stress (see Table 4.6.1.6b).

Table 4.6.1.6b shows references to related materials/effects covered in other sectious

of this handbook.

Table 4.6.1.6b. Stress Data Base for Coated Refractive IR Optics
Applicable to IR Coatings

MATERIALS/ D LDEF R
COATING FIGURES LOCATION COMMENTS
Fused Silica/Ag' E.33 E5 After cleaning, pre- and post-flight
measurements were very similar
ULE™/Ap' E.33 ES After cleaning, pre- and post-fiight
measurements were very similar
LaF/Chiolite/MgF,' None B3 Did not survive because of high stress levels

R ' Data relevant to this material are preseuted in Seciion 4.3.2.6.

4.6.1.7 Contamination/Deterioration

A number of materials flown on LDFF showed signs of contamination as well as

flaking and blistering of the coatings. Table 4.6,1.7a summarizes and provides a guide to the

materials contained in this section.
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Table 4.6.1.7a. Contamination/Deterioration Effects Data Base for IR Coatings

MATERIALS/ FIGURES LDEF COMMENTS
SUBSTRATE LOCATION
Ag+(ALQ,/ZnS)Y/ E.59 D3 Corroded and hazed.
Polished Mo
Sy E.60 D3 Particle contumination.
Si0,
PbF,/ E6l D3 Dark red contamination.
Si0,
MgF, (A=1.06um)/ E.54 D4 Fibrous matter and film fragments.
2 thick on Fused Silica
ZnS/8i0, E.55 D9 Chowed surface cracking and flaking
ALOLSIO, E.56 D3 Randomly distributed blisters ana flaking
As,5¢,/8i0, E.52 D3 Slight crack at edge. Contaminated.
E.54 D4 Entire coating is crazed and blistered around
debris spot
MgF,/Si0, E.57 D4 Enur‘e coating is crazed and blistered around
debris spot
E.58 D4 Entire coating is crazed and blistered around
debris spot

From experiments M0003-2 and -7, a number of IR coatings were seen to become
contaminated and to deteriorate in the space environments, The Ag + (A1,0,/ZnS)* coating
on Mo appeared hazy and discolored on the exposed surface. Multiple zones of discoloration
were apparent. The variation in discoloration was presumed to be the result of varying
degrees of dendritic growth. A high density of spots was apparent over the entire coating.

Grain boundaries in the substrate were also apparent through the coating (Ref. 12).

For the Si/Si0, sample, a great deal of debris was on the coating surface, but the
surface remained highly specular. The PbF,/SiO, sample had a large number of subsurface
polishing scratches. Features, which may be bubbles, pinholes, or growth nodules in the

coatings were seen to have formed preferentially along these scratches (Ref. 12).
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The MgF, coating on SiO, was seen to be crazed on both the flight and control A
samples. A great deal of extraneous debris, including fibrous matter and metallic film
fragments, was present on the surface. There were three large spots of debris on the
spaceward side of the sample where the coating was crazed more extensively. There were .

also blisters around these debris spots (Ref, 12).

The ZnS coating on the Si0, substrate was buckled in a regular pattern on two large
areas of the surface. The entire coating was blistered. Large blisters, exhibiting many orders
of interference fringes, were discernible on the surface of the sample at low magnification. In
addition. a high density of very small blisters was apparent throughout the coating at
magnifications of 200X and greater. The surface was, however, relatively clean of debris

(Ref. 12). | '

For the AL,O, coating on Si0,, fine fractures which intersect and terminate in defects
in the coating were discernible in the exposed surface areas. There were some small areas
where the coating had flaked away revealing the smooth surface of the substrate. A small
number of individual blisters or bubbles were discernible in the coating. These features

varied in size, were randomly distributed, and were present globally on the surface (Ref. 12).

These observations are to be contrasted with the As,Se, coating on SiQ, sample. After
space exposure, the coating appeared non-uniform in color to the eye. At high magnification,
it was apparent that the exposed surface was crazed and that the observed variation in color is
due to the presence of contiguous green patches in the otherwise pink coating. There were no
discernible morphological features associated with the green patches and they did not

correspond to the crazed fragments in the coating (Ref. 12).
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4.7 OPTICAL FILTERS FOR UV/VISIBLE SYSTEMS

‘e There were many different filter systems flown on LDEF, including metal-dielectric
blockers, metal-dielectric bandpassers, all-dielectric hot mirrors/detector trimmers, and all-
dielectric bandpassers. The filters discussed in this chapter were flown in experiment Stations
A0138-4, A0147, and S0050. Table 4.7.a shows a summary of the experiments containing

UV/visible optical coatings.

Table 4.7.a. Experiment Summary for UV/Visible Optical Coatings

EXPERIMENT UV/VISIBLE OPTICAL COATINGS
Al-MgF, on MgF, Substrate (1216 A), Al-MgF, on
A0138-4 MgF, Substrate (1270 A), Al-MgF, on Quartz Substrate
(2430 A)

ZnS/Cryolite/Silver on Fused Silica (Cemented with
Epon 328), ZnS/Cryolite/Silver on Fused Silica (Air-
spaced. No Cement), ThF,/Cryolite/Al/Zr0O, on Fused

" Silica (Air-spaced. No Cement), ZrO,/Cryolite/Silver on
A0147 Fused Silica (Air-spaced, No Cement), ZnS/ThF, on '
Fused Silica (Air-spaced, No Cement), ThE,/Cryolite/Al
on Fused Silica (Air-spaced. No Cement), PbF,/Cryolite
on Fused Silica (Air-spaced, No Cement), ZnS/Cryolite/
Silver on Fused Silica (Cemented with APCO R313)

LA

Narrow-Band Corion'. Neutral Density Band Corion’,
$0050-1 o
Broadband Corion

These filters were provided by Corion Corporation, Holliston, MA. Specific matenal stack-ups for

the filter were not explicitly identified. The narrow-band filters were composed of quarer-wave

thick stacks of diclectric materials. The neutral density filters did not use quanter-wave

dielectric stacks but were composed of a single layer of Inconel coating which provides approximately
uniform attenuation across the visible spectrum. The hot-mirror interference filler were deposited

on glass with a ThF, layer at the surface. One of the wide-band hot-mirror filiers was examined by
SEM and was found to be composed of eleven layers of (ThF,ZnS) pairs deposited on a glass substrate.

)

Table 4.7b shows the UV/visible optical filter materials and the effects addressed by

the LDEF experimenters.

i
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®
10 Table 4.7b. UV/Visible Optical Filters
] @
® EFFECTS
' I A A D S S C
o M T B A T C o]
‘ P 0] S R R A N
A M / K E T T
@ C I T E S T A
. MATERIALS T C R N S E M
. S A I R /
¢ x | 1| ¢ b
E
]
_ Y R T
| & E | F K
. K
® NO| L
o
® Narrow-Band Corion ®
‘K Neutral Density Band Corion Py
® )
| @ Broadband Corion Py
| @ Al-MgF, on MgF, Substrate (1216 A) o
o
® Al-MgF, on MgF, Substrate (1270 A) °
® Al-MgF, on Quartz Substrate .
o (2430 A)
. @ ZnS/Cryolite/Silver on Fused Silica °
. (Cemented with Epon 828)
- ¢ ZnS/Cryolite/Silver on Fused Silica ®
® (Air-spaced, No Cement) 'y
' ® ThF,/Cryolite on Fused Silica .
h (Air-spaced. No Cument)
® ZrO,/Cryolite/Silver on Fused Silica ®
, . (Air-spaced. No Cement)
""j; ® ZnS/ThF, on Fused Silica °
@ (Air-spaced. No Cement)
. . « Data contained in this section
‘ e Data contained in other, cross-referenced sections
R
@
o
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Table 4.7b. UV/Visible Optical ¥ilters (Cont.)

EFFECTS

X A A D S S C
M T B A T C 0O
» P (0] S R R A N
-‘ A M / K E T T
C I T E S T A
MATERIALS T C R N s E M
S A I R /
O N N D
X / G E
Y R T
X G E E
. E F R

N L

ThE,/Cryolite on Fused Silica °

(Air-spaced, No Cement)
PbF,/Cryolite on Fused Silica °
(Air-spaced. No Cement)
ZnS/Cryolite on Fused Silica .
(Cementcd with APCO R313)

» Data contained in this section
a Data contained in other, cross-referenced sections

4.7.1 Covered UV/Visible Optical Filters
The UV/visible filters discussed in this section were flown on LDEF with an

aluminum cover. (The remainder of the UV/visible filters flown on LDEF were exposed

directly to the space environment. These filters are discussed in Section 4.7.2.)

4.7.1.1 Impacts

At the present time, no data have been found for this section.
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4.7.1.2 Atomic Oxygen

At the present time, no data have been found for this section.

4.7.1.3 Scatter

At the present time, no data have been found for this section.

4.7.1.4 Absorption/Transmission/Reflectance

The most common responses for filters was slight to significant reduction in
transmittance accompanied by shifts in center wavelength toward the blue. Table 4.7.1.4a

summarizes and provides a guide to the materials contained in this section.

Table 4.7.1.4a Transmittance Data Base For UV/Visible Optical Filters Exposed
Indirectly To Space Environment

. LDEF .
MATERIALS FIGURES LOCATION COMMENTS
Narrow-Band Corion' E.62 E5 Reduced transmission
Neutral Density Band Corion' E.63 ES No change in transmittance
Broadband Corion' E.64 ES No change in transmittance
Al-MgF, on MgF, Substrate E.65 B3 Reduced transmittance and shift in
(1216 A) center wavelength
Al-MgF, on MgF, Substrate E.66 B3 Reduced transmittance and shift in
(1270 A) center wavelength
Al-MgF, on Quartz Substrate E.67 B3 Reduced transmitiance and shift in
(2430 A) center wavelength

! These filters were provided by Corion Corporation, Holliston, MA.  Specific material stack-ups for the filier were not

explicitly identified. The narrow-band filters were composed of quarter-wave thick stacks of dielectric materials. The
neutral density filters did not use yuarter-wave dielectric stacks but were composed of a single layer of Inconel coating
which provides approximately uniform attenuation across the visible spectrum. The hot-mirror interference filters were
deposited on glass with a ThF, layer at the surface. One of the wide-band hot-mirror filters was examined by SEM and
was found to be composed of eleven layers of (ThF,/ZnS) pairs deposited on a glass substrate.
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From experiment S0050-1, the Corion narrow- and broad-band optical filters showed a
small but significant reduction in transmission and is believed to be related to degradation of
the cement used in the filter construction (Ref. 13). Neutral density filters (inconel films)
show increased transmission, likely due to erosion of the deposited layer. Organic deposits are
seen on the films. The deposits are greater in the center than along the rim where the

samples were covered (Ref. 14).

The samples from AQ138-4 (the 1216 A, 1270 A, and 2430 A filters) all showed

reduced transmittance and a shift in center wavelength toward the blue (Ref. 10).

4.7.1.5 Darkening

At the present time, no data have been found for this section.

4.7.1.6 Stress

At the present time, no data have been found for this section.

4.7.1,7 Contamination/Deterioration

A number of filter materials flown on LDEF were retrieved with contamination. A
typical example is the set of samples from experiment S0050. On the LDEF tray, the green
epoxy-fiberglass mounting strips were changed to a walnut brown where they were exposed
to the space environment. Where covered, the original green color was maintained. The tray

was covered with a light coating of brown stain which is belicved by NASA to be the result

of Z-306 thermal-control black paint outgassing in the space environment and becoming fixed




00000000000000000000000008000002000000000000

4.7, Optical Filters for UV/Visible Optics

in place by the effects of solar UV. The weight density of this material has been estimated to

be 0.2 mg/cm’ (Ref. 15). Analysis of this contamination is still underway as of this writing.

4.7.2 Exposed UV/Visible Optical Filters

The UV/visible filters discussed in this section were flown on LDEF exnosed directly

to the space environment.

4.7.2.1 Impacts

At the present time, no data have been found for this section.

4.7.2.2 Atomic Oxygen

At the present time, no data have been found for this section.

4.7.2.3 Scatter

At the present time, no data have been found for this section.
4.7.2.4 Absorption/Transmission/Reflectance

Narrow- and broad-band optical filters showed a small but significant reduction in
transmission and is believed to be related to degradation of the cement used in the filter
construction. Neutral density filters (inconel films) show increased transmission, likely due to

erosion of the deposited layer (Refs. 13 and 14).

Table 4.7.2.4a summarizes and provides a guide to the materials contained in this

section.
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o
. Table 4.7.2.4a Absorption/Transmittance/Reflectance Data Base For UV/Visible Optical o B
Filters Exposed Directly To Space Environment )
MATERIALS FIGURES LDEF COMMENTS o
LOCATION o
| Narrow-Band Corion' E.68 ES Reduced transmission . .
E.69 E5 Shift in center wavelength L4 ]
\! E70 ES Broadening of bandpass :
' Neatral Density Band E.72 ES Increased transmittance
Corion' ®
Broadband Corion' E.65 E5 Reduced transmittance o
E.66 ES Deterioration of interference coatings :
Al-MgF, on MgF, E.74 B3 Reduced transmittance and shift in center
Substrate (1216 A) wavelengih ® 7
n
Al-MgF, on MgF, E75 B3 Reduced transmittance and shift in center ®
Substrate (1270 A) wavelength OR
Al-MgF, on Quartz E.76 B3 Reduced transmittance and shift in center . p
<) Substrate (2430 A) wavelength ®
A ZnS/Cryclite/Silver on E.77 B8 Reduced transmittance L ]
Fused Silica
(Cemented with Epon ‘ ‘
828) oR
ZnS/Cryolite/Silver on E.78 B8 Slight reduction in traasmittance with slight ()
Fused Silica shift of center wavelergth ®
(Air-spaced. no
cement) .
ThF/Cryolite on E.79 B8 Increase in transmittance (due to pinholes in .
Fused Silica some of the metal-diclectric coatings) o
(Air-space. no '
ccment) .
ZrO,/Cryolite/Silver E.80 B& Reduced trarnsmiutance ®
on Fused Silica o
(Air-spaced. no
cement) .
ZnS/ThF, on Fused .81 B§ Slight decrease in transmittance near short ®
Silica wiave cutoff. Slight increase in transmittance o
(Atr-spaced, no near bluer wavelengths (apparent reduction in )
cement) extinction coefficient of ZnS)
®
. \
‘ .
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Table 4.7.2.4a Absorption/Transmittance/Reflectance Data Base For UV/Visible Optical
Filters Exposed Directly To Space Environment (Cont.)

; S LDEF g ,
MATERIALS FIGURES LOCATION COMMENTS 3
ThE,/Cryolite on E.82 B8 Increase in transmission (due 10 pinholes in
Fused Silica (Air- some¢ of the metal-diclectric coatings)
spaced, No Cement)
PbF,/Cryolite on E.83 B8 Reduced transmittance (due to increase
Fused Silica (Air- E.84 absorption in the lcad compound)
spaced. No Cement)
ZnS/Cryolitc/Silver on E.85 B8 Slight reduction in transmittance
Fused Silica
(Cemented with
APCO R313)

! These filters were provided hy Corion Corporation, Holliston, MA.  Specific material stack-ups for the filler were not

explicitly identified. The narrow-band filters were composed of quarter-wave thick stacks of dielectric materials. The
neutral density filters did not use quarter-wave dielectric stacks but were composed of a single layer of Inconel coating
which provides approximately uniform attenuation across the visible spectrum. The hot-mitror interference filters were
deposited on glass with a ThE, layer at the surface. Oune of the wide-band hat-mirror filters was examined by SEM and
was found to be composed of eleven layers of (ThF,/ZnS) pairs deposited on a glass substrate.

From experiment S0050-1, the Corion narrow- and broad-band optical filters showed a
small but significant reduction in transmission believed to be related to degradation of the
cement used in the fiiter construction (Ref. 13). Neutral density filters (inconel films) show
increased transmission, likely due to erosion of the deposited layer. Organic deposits are seen
on the films. The deposits are greater in the center than along the rim where the samples

were covered (Ref. 14).

The samples from AO138-4 (the 1216 A, 1270 A, and 2430 A filters) all showed

reduced transmittance and a shift in center wavelength toward the blue (Ref. 10). .

For the AG147 filters, with the exception of the lead compounds, the filters survived
very well. The Epon cement degraded somewhat at 500 nm (other wavelengths were masked
by the filter). The failure mode (degradation) of the lead compounds was a wavelengih-
independent increase in absorption with no change in spectral characteristic. In an instrument,

signal would be lost but spectral stability maintained. In the case of filters containing Al
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layers, the transmission increases were attributed to the pinholes which developed during
exposure. This form of failure would reduce signal to noise but would not influence spectral
band position or width. The reason for the development of pinholes has not yet been
established by the experimenters. One possibility identified is that defects or contamination
in the coating caused local heating due to increased absorption which, in turn, caused coating
removal (Ref, 24).

4.7.2.5 Darkening

At the present time, no data have been found for this section.

4.7.2.6 Stress

At the present time, no data have been found for this section.

4.7.2.7 Contamination/Deterioration

A number of filter materials flown on LLDEF were retrieved with contamination. A
typical example is the set of samples from experiment S0050. On the LDEF tray, the green
epoxy-fiberglass mounting strips were changed to a walnut brown where they were exposed
to the space environment. Where covered, the original green color was maintained. The tray
was covered with a light coating of brown stain which is believed by NASA 10 be the result
of Z-306 thermal-control black paint outgassing in the space environment and becoming fixed
in place by the effects of solar UV. The weight density of this material has been estimated to
be 0.2 mg/em?® (Ref. 15). For the exposed filter materials, organic deposits were seen on the
films. The deposits were greater in the center than along the rim where the samples were

covered. Analysis of this contamination is still underway as of this writing.
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4.8, Optical Filters for IR Optics

4.8 OPTICAL FILTERS FOR IR SYSTEMS

There were two experiments that contained optical filter materials designed for use
with IR optics. Table 4.8.a shows a summary of the experiments containing IR optical

coatings.

Table 4.8.a. Experiment Summary for IR Optical Filters

EXPERIMENT IR OPTICAL FILTERS

CaF,, Low Index Ratio Quarter-Wave Blocking
ZnSe¢/ZnS/KRS-5 on KRS-6 Substrate, PbTe/ZnS on Ge
Substrate 15 um 10 pzreent HBW L-Spacer THW Band-
A0056 Pass Filter. PbTe/ZnS 8-12 pm Tschebyshev Edge
Band-Pass Filter (Antireflected) on Ge Substrate,
PbTe/ZnS 14.5 um 0.7 percent HBW Spiit-Spacer
Fabry-Perot Band-Pass Filter on Ge Substrate

ZnS/Chiolite on BK7G18 and RG780 Glasses (820 nm

AU138 Interference Filter)

Table 4.8.b shows the IR optical filter materials and the effects addressed by the

LDEF experimenters.
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T Table 4.8.b. Infrared Optical Filters
EFFECTS i
| A A D S S C
M T B A T C 0
P 0 S R R A N
A M / K E T T
C I T E S T A
MATERIALS T c R N S E M
S A I R /
0 N N D
X / G E
Y R T
G E E
E F R
N L
CaFZ ®
Low Indcx Ratio Quarter-Wave e
Blocking ZnSe/ZnS/KRS-5 on KRS-6
Substrate
PbTe/ZnS on Ge Substrate 15 pm 2
- 10 percent HBW L-Spacer THW Band-
Pass Filter
PbTe/ZnS 8-12 pm Tschebyshev Edge e
Band-Pass Filter (Antireflected) on Ge
Substrate
) PbTe/ZnS 14.5 pm 0.7 percent HBW °
Split-Spacer Fabry-Perot Band-Pass
Filter on Ge Substrate
ZnS/Chiolite on BK7G18 and RG780 e
Glasses (820 nm Interference Filter)

-

o Data contained in this section
e Data contained in other, cross-referenced sections

4.8.1 IR Optical Filters

4.8.1.1 Impacts

From experiment AQ056, it is seen that the micrometeoroid/debris impact on the CaF,

sample occurred near the edge of the sample holder. The impact crater was about 1 mm in
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diameter with a spallation zone diameter of about 5.5 mm. The substrate cleaved in two
directions outward from the crater site to the opposite sides of the sample, and at an angle of
about 75°, breaking the sainple into three pieces. This verifies the fragile and brittle nature of

CaF, as a substrate material, while remaining optically-functional (Ref. 16).

Table 4.8.1.1a summarizes and provides a guide to the materials contained in this

section.
Table 4.8.1.1a. Impacts Effects Base For Infrared Optical Filters
MATERIALS FIGURES LDEF COMMENTS
o ) LOCATION

= |1 mm diameter impact crater with
spallation zone diameter of = 5.5 mm,
CaF, .18 B8 Substrate clcavc‘q in two dircclio_ns Qul\s‘/ard

from the crater site to the opposite sides of
the sample, and at an angle of = 75°,
breaking sample into three pieces

4.8.1.2 Atomic Oxygen

At the present time, no data have been found for this section.

4.8,1.3 Scatter

At the present time, no data have been found for this section.

4.8.1.4 Absorption/Transmission/Reflectance

The primary experiment providing data in this area is experiment A00S6. In general,

the results of experiment AO056 show that the effects of space exposure on the

4-77




4.8, Optical Filters for IR Optics

high-performance filters were negligible. No significant changes were found either in
transmission or spectral position of any hard-coated II-VI/PbTe-based multilayers on Ge
substrates. The softer materials were adversely affected in their physical and optical
properties by the long exposure in space, from a reduced transmission to a complete opacity
(Ref. 16).

Table 4.8.1.4a summarizes and provides a guide to the materials contained in this

section.

Table 4.8.1.4a. Absorption/Transmission/Reflectance Effects Base For
o Infrared Optical Filters

- - LDEF
MATERIALS FIGURES LOCATION COMMENTS

Low Index Ratio E.B6 Gl12 Reduced transmission
Quarter-Wave
Blocking
ZnSe/ZnS/KRS-5 on
KRS-6 Substratc'

)

PbTe/ZnS on Ge E.87 Gl12 No significant changes in transmission or
Substrate 15pm spectral position
10 percent HBW
L-Space THW Band-
Pass Filter

: PbTe/ZnS §-172 pm E.88 B8 No significant changes in transmission or
- Tschebyshev Edge speciral position
Band-Pass Filter
(Antireflected) on Ge
Substrate

PbTe/ZnS on Ge E.89 B8 No significant changes in transmission or
Substratc 14.5um 0.7 speciral position
percent HBW Split-
Spacer Fabry-Perot
Band-Pass Filter

ZnS/Chiolite on E.90 B8 Slight reduction in transmission
BK7G18 and RG780
Glasses (820 nm
Interference Filter)

! KRS-6 substrate 1s Thallium-Chlonne-Bromine with a 33-layer ZnS/KRS-5 and ZnSe/KRS-5 coating. KRS 5 is Thailum-
Bromine-lodine.
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The optical IR filters/materials in experiment AQ0S6 are divided into three main
categories: uncoated, soft-coated, or hard-coated. Soft-coated filter materials comprised
principally KRS-5 (TIBrI)-based multilayers deposited on KRS-5 or KRS-6 (TICIBr)
substrates. These materials were designed to utilize long-wavelength Reststrahl blocking
properties by multilayer interference. Hard-coated filter materials comprised spectral filters
from atmospheric-sensing, weather forecasting, research and planetary satellites (NIMBUS 4-
7, ITOS, TIROS-N, PIONEER, and GALILEO) that were current at the time of the LDEF
flight. The filter materials are primarily Pb-based on Ge substrates. A brief description of

data (Ref. 16) for uncoated, soft-coated, and hard-coated materials follows:

Uncoated: Correlation of average transmittance was very high between pre- and
post-flight measurements. A consistent loss in transmission (-0.765 percent) was indicated
but this was sufficiently close to zero to infer no change within the transmission accuracy

envelope permitted (Ref. 196).

Soft-coated: Comparison of pre- and post-flight average transmittance values was
made from samples from both sites, and the correlation was very low (-0.168) indicating no
correlation between pre- and post-flight sample spectra. This was also evident from visual
inspections where gross physical degradation and delamination of the coatings and substrate
materials was evident, having occurred as a result of space exposure and the effects of AQ
bombardment. Post-flight visual and spectral analysis of the soft materials showed that less
degradation had occurred in the Earth-facing tray (G12) than in the leading edge tray (B8)
(Ref. 16)

Hard-coated: Pre- and post-flight comparisons were well correlated. They showed a
small and consistent loss in transmission for both, within the accuracy envelope. These
samples are considered stable and show no degradation for the exposure. A PbTe/ZnS-based
sample was cleaned in 1,1,1,-Trichloroethane and 2-propanol and remeasured. The spectrum

remained unchanged and it was deduced that the surface was not contaminated by exposure to
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space; its loss of transmission therefore, according to the experimenter, must be ascribed to

another niechanism (Ref. 16).

4.8.1.5 Darkening

At the present time, no data have been found for this section

4.8.1.6 Stress

At the present time, no data have been found for this section

4.8.1,7 Contamination/Deterioration

At the present time, no data have been found for this section

et




4.8, Optical Filters for IR Optics

4.9 MIRRORS

All data contained in this section are from samples flown on experiment stations
MO0003-2, -7, and -11. Table 4.9.a shows a summary of the experiments containing mirror
samples. Table 4.9.b shows the mirror materials and the cffects addressed by the LDEF

experimenters.

Table 4.9.a. Experiment Summary for Mirrors

EXPERIMENT MIRRORS
AC034 SiO/Al on Pyrex, Os/Al on Quartz, Ag/Al on Quartz,
Au/Al on Quartz. MgF,/Al on Quartz
AOll4 Sputtered Cu on fused silica and OFHC copper
AQ138-3 WRe/Si on Glass

LaF,/Chiolite/MgF, on B 1664 Glass, Al/MgF, on B1664
Glass, ThF,/Ag on B1664 Glass, Al,O,/Ag on Kanigened
AO138-4 Al. MgO/MgF, on B1664 Glass, TiOySiO, on B1664
Glass, Ge/ZnS/ThF, on B1664 Glass. MgFy/Al on
Kanigened Al

AOI138-5 Al on Glass. Pt on Glass

Bare Mo. Cu. Diamond-Turmed Cu. Diamond-Turned Ni-
plated Cu. ThE/Ag/Cr on Mo, (Si/A1,0,)’/Ag on
Polished Si. (ZnS/ALQO,)*/Ag on Polished Mo, and
(ZnS/ThF,)*/Ag on Polished Mo

M0003-2, -7, and -11

4.9.1 Mirrors

4.9.1.1 Impacts

LDEF mirror samples showed localized damage at the sites of impact. Table 4.9.1.1a

summarizes materials and provides a guide to data contained in this section.
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' Table 4.9b. Mirrors ®
EFFECTS o
I A A D S S C ‘
M T B A T C O
P | o S R R A | N o
A M / K E T T ®
C I T E S T A ‘
MATERIALS T C R N S E M ®
S A I R / o
0 N N D 1
X / G E o
- Y R T :
* G E E ®
E F R @
N L ()
Cu ® ® ‘ j
Ni-C ®
Ni o L 3
_ o
LA Diamond-Turned Cu ° o
— Y
LaF/Chiolite/MgF, on B1664 Glass o i
@
Al/MgF, on B1664 Glass o ) ‘
-ml . |
ThF,/Ag on B1664 Glass o i
. i
A Oy/Ag on Kanigened Al o o
o
MgO/MgF, on B1664 Glass o ®
Visible + 1060-nm Mirror/Ti0,-SiO. on o @
B1664 Glass @
10.6-um Mirror/Ge-ZnS-ThF, on o o
B1664 Glass .
MgF,/Al on Kanigened Al o ®
Bare Mo o o
@
+ Data contained in this section .
o Data contained in other, cross-referenced sections ’
®
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Table 4.9.b.

Mirrors (Cont.)

EFFECTS
I A A D S ) C
M T B A T C (8]
P 0 S R R A N
A M / K E T T
C I T E S T A
MATERIALS T C R N S E M
S A I R /
0} N N D
X / G E
Y R T
G E E
E F R
N L
Si0/Si on Pyrex o
Os/Al on Quartz. °
Ag/Al on Quartz, o
Au/Al on Quartz o
MgF,/Al on Quartz o
WRe/Si on Glass .
Al on Glass °
Pt on Glass °
(ZnS/ALO;,)Y/Ag/Mo . ° o
(ZnS/ThF,)/Ag/Mo ° Py
(Si/ALO,)/Ag/SI ° o
e Data contained in this section
« Data contained in other, cross-referenced sections
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Table 4.9.1.1a. Impacts Effects Data Base on Mirrors
MATERIALS FIGURES LDEF COMMENTS
LOCATION
Cu E.91 D9 No damuge to substrate beyond arca of
impact.
E.95 D9 Splatter of resolidified 1natter around craters.
Ni-Cu Damage is similar to that .een in uncoated
Cu.

{ZnS/ALO;)Y/Ag on None D§ Impacts revealed multilayer structure.
Polished Mo Evidence of meiting around impact sites.
(ZnS/ThF,)*/Ag on None D4 Splatter of resolidified matter around craters.

Polished Mo

Cu and Ni-Cu metal mirrors were evaluated for this effect and all of the LDEF
samples showed localized damage at the site of impact. No damage to the mirror substrates
was observed beyond the area of impact (Ref. 9). Impacts on a (ZnS/A1,0,)*/Ag/Mo mirror
revealed the multilayer structure and also showed signs of melt (Ref. 17). On a
(ZnS/ThF,)’Ag/Mo sample, impacts did not reveal the multilayer structure but debris was

splattered about the site (Ref. 17).

4.9.1.2 Atoinic Oxygen

Copper mirrors were flown on experiment AO114 on both the leading and trailing
edge. The trailing edge showed little effect of AO. The samples on the leading edge
reccived a total fluence of 8.72 x 10?! oxygen atoms/cm’. X-ray diffraction measurements
and high resolution profilometry showed that the copper was converted stoichiometrically to
Cu,O (Ref. 18).

Table 4.9.1.2a summarizes materials and provides a guide to data contained in this

section.
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4.9, Mirrors
Table 4.9.1.2a. Atomic Oxygen Effects Data Base on Mirrors
MATERIALS FIGURES LDEF COMMENTS
LOCATION
C None C9 Copper was converted stoichiometrically to
" Cu.0. '

4.9.1.3 Scatter

The data reported in this section are from experiment M0003-2. Table 4.9.1.3a

summarizes and provides a guide tc the materials contained in this section.

Table 4.9.1.3a. Scatter Effects Data Base on Mirrors

. . LDEF
MATERIALS FIGURES LOCATION COMMENTS
D4 Scatter data taken at 1.064 ym. All samples
Bare Mo None DY . a1 ’ pr. samp
D9 highly scattering.

The bare Mo mirror sample was flown as part of the M0003-2 experiment. Samples
were flown on the leading edge and the trailing edge of LDEF :und received exposures of 3
months, 6 months, 9 months, and 69 months. Scatter data were taken at 1.064 pm. All
samples were highly scattering. Except for the leading edge, 69-month sample, a trend did
not appear between samples exposed on the trailing edge and samples exposed on the leading
edge. Even though all samples were highly scattering, the optic exposed for the full duration
of the flight (the 69-month exposure) scatters more than one order of magnitude more light

than do samples exposed for 9 months or less (Ref. 5).
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4.9.1.4 Absorption/Transmission/Reflectance

A number of absorption/transmission/reflectance effects on UV/visible and IR mirrors
were reported on by LDEF experimenters. The primary data discussions for these materials
are covered in the UV/visible and IR coatings sections. The data reported on in this section
are from experiments AO138-3, AO138-5 and M0003-7. Table 4.9.1.4a summarizes and
provides a guide to the materials contained in this section. Table 4.9.1.4b shows references to

related materials/effects covered in other sections of this handbook.

Table 4.9.1.4a. Absorption/Transmission/Reflectance Effects Data Base on Mirrors

i
. . LDEF ,
MATERIALS FIGURES LOCATION COMMENTS
WRe/Si on Glass E112 B3 Peak reflectivities are within 10 to 15 percent

of pre-flight measurements

Loss of reflectance less than 10% over whole
i ) - spectral range for samples internal to

Al on Glass E.HO B3 spacecraft, Loss of reflectance of up to 30%
at 220 nm for space-facing samples

Loss of reflectance around 10% at thice

- specific test wavelengths (58.4 nra, 74.4 nm,

- Pt on Glass E.111 B3 and 121.6 nm) for samples internal to
spacecraft. Loss of reflectance of up to 35%

at 121.6 nm for space-facing samples

Minimal reduction in reflectance at the desired
(Si/ALO,)/Ag on None D3 wavelength, 2.8 pm, but with an indication of

Polished Si surface oxidation and reduction of reflectance
at longer wavelengths (i.e.. -4 pm)

4 Significant reduction in reflectance with
(ZnS/AlZOJ) /Ag on None D8 apparent spectral shift of the refluctance
Polished Mo . .
maximum. Dendritic growth also apparent.
Significant reduction in reflectance with
{(ZnS/ThF,)’/Ag on . : PP )
Polished Mo None D4 apparcnt spectral shift of the reflectance

maximum, Dendritic growth also apparent.
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4.9, Mirrors

Table 4.9.1.4b. Absorption/Transmission/Reflectance Effects Data Base for Coatings
Applicable to Mirrors

00000000006

MATERIALS/ LDEF .
SUBSTRATE FIGURES | | ocAaTION COMMENTS
Al-MgF,/ E 41 B3 Outside/inside samples had significantly-
B1664 Glass' | - reduced reflectance over all wavelengths,
ThF,-Ag/ E.42 B3 Outside/inside samples showed little change in
1 B1664 Glass' - reflectance over all wavelengths.
ALO;-Ag/ E 43 B3 Outsidce/inside samples had significantly-
Kanigen' ’ reduced reflectance except at the blue end.
Al-MgF,/ Inside sample had significant reduction in
'8 4 E44 B3 reflectance at upper end. QOutside sample had
Kanigen Lo . .
significant reduction across the entire band.
Inside sample showed slight shift in
E.45 B3 reflectance. Qutside sample had little
' reduction at the blue end but a slight shift to
the high end.
MgO-MgF/
. B1664 Glass! Inside sample showed a significant reduction
) in transmittance at the blue end. Outside
E46 B3 sample had a significant reduction in
hansmission at the blue end and a slight
. reduction at the upper end.
{ ] Visivle 1060 nm Remained optically efficient.
mirror/Ti0,-Si0, on None B3
.‘ B1664 Glass'
® 10.6 pm mirror/Ge- No significant change
[ ] ZnS-ThE, on B1664 None B3
‘ Glass®
) . ' Data relevant to this material are presented in Section 4.5.1.4.
] ? Data relevant to this material are presented in Section 4.6.1.4.
@
@

For the AO18-3 sample, the WRe/Si on glass mirror was evaluated using a classical
reflectometer. The peak post-flight reflectivities of the mirror were found to be within 10 to
15 percent of the pre-flight measurements. This degradation was estimated to be due in part

to the 3 nm contamination observed by the experimenters on the mirror surface (Ref. 25).

4.87




4.9, Mirrors

For the AO138-5 samples, the Al and Pt coatings on Glass were flown as witness
mirrors for the ruled and holographic diffraction gratings portions of the experiment. There
were two sets of space-borne samples: one set was space-facing and a second set was turned
inward. For the inward facing sample set, both Al and Pt witness mirrors experienced some
degradation in reflectance. The Al coating lost less than 10-% reflectivity over the whole
spectral range while the Pt coating lost reflectivity of around 10-% for three discrete test
wavelengths (58.4 nm, 74.4 nm, and 121.6 nm). For the space-facing sample set, both Al and
Pt witness mirrors experienced degradations in reflectivity that were more pronounced than
for the inward-facing samples, The Al coating lost up to 30-% reflectivity (at 220 nm) while
the Pt coating lost up to 35-% reflectivity (at 121.6 nm) (Ref, 23).

For the M0003-7 samples, the (Si/Al,0,)’/Ag on polished Si mirror showed a minimal
reduction in reflectance at the desired wavelength of 2.8 ym, but with an indication of surface
oxidation and reduction in reflectance at longer wavelengths (i.e., 3-4 pm). Zinc-sulfide-
based coating designs, (ZnS/AL,0,)*/Ag on polished Mo and (ZnS/ThF,)>/Ag on polished Mo,
showed significant reductions in reflectance at the desired wavelength with large spectral
shifts of the reflectance maxima apparent. Dendritic formations were also seen. A
combination of thermal cycling and irradiation effects probably provided energy for the

dendrite formation process (Ref. 23).

4.9.1.5 Darkening

At the present time, no data have been found for this section.

4.9.1.6 Stress

Table 4.9.1.6b shows references to related materials/effects covered in other sections

of this handbook.
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4.9, Mirrors

Table 4.9.1.6b. Stress Data Base for Coated Refractive Optics
Applicable to Mirrors

MATERIALS/ Y Tk LDEF —_—
COATING FIGURES LOCATION COMMENTS
LaFy/Chiolite/MgF,' None B3 Did not survive because of high stress levels

! Data relevant to this material are presented in Section 4.3.2.6.

4.9.1.7 Contamination/Deterioration
All sampies were hazed and discolored with corrosion spots on the surface. The Cu

sample showed grain boundaries (Ref. 9). Table 4.9.1.7a summarizes and provides a guide to

the materials countained i this section.

Table 4.9.1.7a. Contamination/Deterioration Effects Data Base for Mirrors

MATERIALS/ FIGURES LDEF COMMENTS
SUBSTRATE LOCATION
I
Ni E92 D9 Corroded and hazed surrounded by
discoloration zone.
E93 D4 Hazy. discolored surface with corrosion
Spots.
Diamond-Turned Cu
E.94 D4 Hazy. discolored surface showing grain
boundarics. .

Table 4.9.1.7b shows references to related materials/effects covered in other sections

of this handbook.
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to Table 4.9.1.7b. Contamination/Deterioration Effects Data Base for IR Coatings
Applicable to Mirrors

MATERIALS/ FIGURES LDEF COMMENTS
SUBSTRATE LOCATION
(ZnS/ALQ,)/Ag E.59 D8 Corroded and hazed.
Polished Mo'
S$i0/Si on Pyrex? None C3 Degradation in UV spectral reflectance due
c9 to contamination,
Os/Al on Quartz? None C3 Complete oxidation of the silver film and
C9 complete oxidation and evaporative removal
of Os film on leading edge.
Ag/Al on Quartz? None C3 Complete oxidation of the silver film in both
‘ C9 leading edge and trailing edge samples.
; Au/Al on Quartz? None C3 Slight visual difference in leading edge
C9 samples. No obvious effect on trailing edge
samples.
MgF,/Al on Quartz? None C3 No visible cftect in leading edge or trailing
| C9 edge samples.

! Data relevant 1o this material are presented in Section 4.6.1.7.

? Data relevant to this material are presented in Section 4.5.1.7.

4.10 SECOND SURFACE MIRRORS

Second surface mirror (SSM) materials were flown on LDEF experiments M0003-5,
MO0O003-11, and S1002. Data obtained for this handbook were from experiment S1002. The
SSM coatings were deposited in the configurations of the SSM/interference filter (IF) and
SSM/IF/conductive layer (LS) and were characterized by analyzing the change in the
coating’s solar absorptivity (o) and emissivity (€). All the space-exposed surfaces showed
increases in solar absorptivity of varying magnitudes. The mugnitude of the solar absorptivity
change varied from sample to sample but spanned the values of negligible change to 0.14
dependent upon the amount of contamination deposited. The second surface mirrors

discussed below were in experiment S1002 (Ref. 19).
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4.9, Mirrors

Table 4.10.a shows a summary of the experiments containing SSMs.

Table 4.10.a. Experiment Summary for Second Surface Mirrors

EXPERIMENT SECOND SURFACE MIRRORS

Quartz/Silver With Interference Filter, Quartz/Silver

$1002 With Interfercnce Filter and Conductive Layer

Table 4.10.b shows the SSM materials and the effects addressed by the LDEF

experimenters.

Table 4.10.b. Second Surface Mirrors

EFFECTS

| A A D S S C
M T B A T C (0]
P o S R R A N
A M / K E T T
C I T E S T A
MATERIALS T C R N S E M
S A | R /
0 N N D
X / G E
Y R T
G E E
E F R

N L
Quartz/Silver With Interference Filter ° .
Quartz/Silver With Interference Filter ° .

and Conductive Layet

* Data contained in this section
o Data contained in other, cross-referenced sections
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4.10.1 Second Surface Mirrors
4.10.1.1 Impacts

The quartz-silver mirrors did suffer some micrometeoroid/debris effects showing some
cratering with adjacent conchoidal areas. No estimate of the effect of these craters on the

mirror performance has been reported to date, however (Ref. 20).

Table 4.10.1.1a summarizes and provides a guide to the materials contained in this

section.
Table 4.10.1.1a. Impacts Effects Data Base For Second Surface Mirrors
MATERIALS FIGURES LDEF COMMENTS
LOCATION
Quartz/Silver E.96 E3 Micrometcoroid impact caused crater with
scveral large conchoidal areas adjacent to
impact site.

4.10.1.2 Atomic Oxygen

At the present time, no data have been found for this section.

4.10.1.3 Scatter

At the present time, no data have been found for this section.

4.10.1.4 Absorption/Transmission/Reflectance

At the present time, no data have been found for this section.
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4.10.1.5 Darkening

At the present time, no data have been found for this section.
4.10.1.6 Stress

At the present timc, no data have been found for this section.
4.10.1.7 Contamination/Deterioration

The mirror samples reported in the LDEF data base did show some of the
contamination reported by other experimenters. However, there was no noticeable increase or
only very slight increases in the solar absorptivity of the mirrors. No appreciable change in
thermal emissivity was seen in either of the $1002 experiment samples (Ref. 19). Table

4.10.1.7a sumimarizes and provides a guide to the materials contained in this section.

Table 4.10.1.7a. Contamination/Deterioration Effects Data Base For
Second Surface Mirrors

MATERIALS FIGURES LDEF COMMENTS
LOCATION

Quartz/Silver With None E3 No noticeable increase of solar absorptivity

Interference Filter! (o) due to contamination (Ao = (), No
appreciable change in thermal emissivity ()
(Ae = 0)

Quartz/Silver With None E3 Very slight increase of solar absorptivity (o)

Interference Filler and due to contamination (Aq = 0.02). No

Conductive Layer® appreciable change in themmal emissivity (¢)

(Ae = ()

' This configuration with interference filter had three quarnter-wave layer pairs of ZnS/ALO, followed by layers of ZoS and Al on

the SSM. The $SM is formied by layers of Teflon, AlL Ag. Inconel, DC 93500, on Al
This configuration with interference filter and conductive layer had a layer of Inf),, followed by four quanter-wave Inyer pairs of
7S and ALQ,, followed by layers of PMMA and Al on the SSM (same compaosition as above).

1




4.11, Quartz Crystal Microbalances

4.11 QUARTZ CRYSTAL MICROBALANCES

The Quartz Crystal Microbalances (QCMs) flown on LDEF were of interest as
contamination monitors for companion optics. All data contained in this section are from
samples flown on experiments M0003-14 and S1002. Table 4.11.a shows a summary of the

experiment containing QCM:s.

Table 4.11.a. Experiment Summary for QCMs

EXPERIMENT QCM CONFIGURATIONS

(1) QCM crystals with 9000 A of aluminum ar 1
aluminum oxide (Al + ALO,) and a top layer of 150 A
of In,0, and (2) crystals with of 9000 A of (Al + ALO))
and a top layer of 150 A of ZnS. Each of the QCMs
consisted of a pair of crystals, one exposcd 1o the
environment and termed the "sense” crystal, and one that
remained unexposed and, hence, termed the "reference”
crystal,

MO003-14

(1) QCM crystals with 9000 A of aluminum and

$1002 aluminum oxide (Al + ALO;) and a top layer of 150 A
of In,0, and (2) crystals with of 9000 A of (Al + ALO,)
and a top layer of 150 A of ZnS.

Table 4.11.b shows the QCM materials and the effects addressed by the LDEF

experimenters.

4.11.1 Quartz Crystal Microbalances

4.i1.1.1 Impacts

At the present time, no data have been found for this section.

.
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Table 4.11.b. Quartz Crystal Microbalances

EFFECTS

I A A D S ) C
M T B A T C 0
| 0 S R R A N
A M / K E T T
C I T E S T A
MATERIALS T C R N S E M
S A I R /
o N N D

X / G E

Y R T

G E E

E F R

N L

In,O,/A/ALQ; on Quartz

ZnS/Al/ALO, on Quartz

o Data conta:red in this section
o Data contained in other, cross-referenced sections

4.11.1.2 Atomic Oxygen

At the present time, no data have been found for this section.

4.11.1.3 Scatter

A1 the present time, no data have been found for this section.

4,11.1.4 Absorption/Transmission/Reflectance

Data for the Experiment M0Q03-14 samples were taken and analyzed by LDEF

experimenters concerning absorption and reflectance. For all crystals, there was an increase
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in average reflectance with increasing wavelength. Positions of the wavelength maxima and

minima in the interference patterns are shifted negligibly (Ref. 21).

Table 4.11.1.4a summarizes and provides a guide to the materials contained in this

section.

Table 4.11.1.4a. Transmission/Reflectance Effects Data Base For
Quartz Crystal Microbalances

LDEF

MATERIALS FIGURES LOCATION

COMMENTS

In,0/AVALQO; on E97 D3 For all crystals, there is an increase in average
Quartz D9 reflectance with increasing wavelength.
E98 Positions of the wavelength maxima and
minima in the interference pattesns are shifted
negligibly. Traling edge material (D3, active)
experienced amplitude moculation in
uncorrected diffuse reflectance (probably due
to thickness interference). Leading edge
material (D9, active) showed nearly identical
modulation amplitudes.

ZnS/AI/ALO; on . For all crystals, there is an increase in average

Quartz reflectance with increasing wavelength.
Positions of the wavelength maxima and
minima in the interference pattems are shifted
negligibly. Trailing edge material (D3,
passive) experienced amplitude modulation in
uncorrected diffuse reflectance (probably due
to thickness interference). Leading edge
material (D9, passive) showed significant
modulation amplitudes over entirc wavelength
band.

The data analysis was two-phased: an FTIR absorption analysis and an uncorrected

diffuse reflectance analysis (Ref. 21). Each is discussed as follows:

FTIR: An absorption characteristic of the Si-O stretching vibration is observed on the

leading edge sense crystals 1 and 3 at 1061 cm’. The most noticeable obseivation about

these spectra is the absence of absorption at 1061 cm on the leading edge reference crystals
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2 and 4, as well as on all the trailing edge crystals 5 through 8. Since we know from the
other measurements that Si is indeed present on the surface of the sense crystals on both the
leading and trailing edges, results from the FTIR spectra must be interpreted as a measure of
the relative concentrations of Si on the leading versus the trailing edges, as well as sense
versus reference crystals, scaled by the sensitivity of this measurement. Other absorptions
due to C-H, C=0, and C=C stretching vibrations and C-H deformations were observed in both
leading and trailing edge crystals at approximately the same frequencies. All the crystals
indicate the presence of C-H vibrations in the range 2900 tc 2500 cm. In QC 3, there is
strong absorption at 3339 cm™, which is due to the O-H stretch from water or alcohols on the
surface. A weak absorption at ~1640 ¢m™ seen in crystals 3, 4, 6, 7, and 8 is the C=C stretch
from unsaturated hydrocarbons. An absorption at 955 em™' appears fairly consistently at the
same position in all crystals with the exception on sample 4 where this peak is shifted to 948
cm’'. Although the assignment of the absorption at 955 cm* remains ambiguous at the
present time, it is most likely due to C-H deformations from alkenes. Other likely causes for
this absorption could be the symmetric and asymmetric bends from SiH, or an Si-O-R
(aromatic) stretching vibration. Shifts in the Si-O stretching vibrations, which generally occur
in the range 1110 to 1000 cm’, from either Si-O-R (aliphatic) or Si-O-Si, may be an
alternative explanation. An absorption that generally appears in the range 760 to 740 em™ in
both the leading and trailing edge crystals is found to be always shifted to higher frequencies
in the sense crystals compared to the corresponding reference crystals. The most likely
assignment of this absorption is the Al-O stretch from the aluminum oxide layer present in
all the crystals. C-H deformations due to alkanes could also be contributed to absorption at
this frequency. Changes in local cnvironment, especiaily on the sense crystals, could account

for the shifts in the position of this peak (Ref. 21).

Reflectance: Uncorrected diffuse reflectance was measured as a function of
wavelength for each pair of sense-reference crystals on the leading and trailing edges. For all

the crystals, it can be seen that with increasing wiavelength, there is an increase in the

correspending average reflectance. In addition, it is seen that all the crystals also displayed
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thickness interference patterns in their reflectances. While the modulation amplitudes in
crystals 1 and 2 (LDEF leading edge, active crystals) are nearly identical, differences in
modulation between QCs 5 and 6 (LDEF trailing edge, active crystals), and QCs 7 and 8
(LDEF trailing edge, passive crystals) fall within a wide range of 2 to 20 percent in the
wavelength range 2000 to 5000 A. The most striking differences are observed with the QC
pair 3 and 4 (LDEF leading edge, passive crystals), where it is seen that the modulation
amplitude in crystal 3 is significantly lower (by 10 to 50 percent) over the entire wavelength

range (2000 to 10,000 A) than that of the reference crystal 4 (Ref. 21).

On observing the position of the wavelength maxima and minima in the interference
patterns in each of the sense-reference crystal pairs, they appear to be shifted negligibly with
respect to each other as well as with respect to the other crystal pairs, and are not large
enough to result in significantly different values for the product (n x d), where n is the

refractive index of the film and d is the film thickness (Ref. 21).

In addition, the range of wavelengths at which these interferences are observed (2000
to 12,000 A) is so large that a 150 A top layer either of In,O, or ZnS cannot be responsible
for the interferences. Thus, it is postulated that these interferences are more likely due to the
underlying Al/ALO, layer. A likely explanation for the observed behavior is that surface
roughness can cause an increased scattering, which in turn, can dampen the modulated
amplitude of the reflected wave. In particular, analysis of the tilted samples reveals that QC
3 shows an overall thinning of the top ZnS layer and particularly shows a reduction in the
concentration of zinc present on the surface. This could result in scattering by sulphur
particles or other contaminants on the surface and an overall damping of the modulated
amplitude (Ref. 21).

4.11.1.5 Darkening

At the present time, no data have been found for this section.
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4.11.1.6 Stress

At the present time. no data have been found for this section.

4.11.1.7 Contamination/Deterioration

In a portion of Experiment M0003-14, 150 A of ZnS and In,O, were deposited on
separate QCM prior to the flight, and by measuring the difference in QCM frequencies
between the pre- and post-flight, it was determined that approximately 8§ nm of contamination
were deposited during the flight. Si (probably from silicone) is the key contaminant
identified on the surface of all the crystals. The level of Si contaminatior is found to be
higher on the leading edge than on the trailing edge. Other, lesser contaminants found on
several of the crystals include Mg, Ca, K, Na, Ag, Cl, Sn, and Pb. Contamination source(s)

are still to be resolved (Ref. 21).

Table 4.11.1.7a summarizes and provides 2 guide to the materials contained in this

section.

SEM photographs of all the ciystals were obtained at various magnifications. EDAX

revealed (Ref. 21) that:

. Higher Si contarnination on the sense crystal on the leading edge than on the
sense crystal on the trailing edge, but a higher Si contamination on the
reference crystal on the trailing edge than on the leading edge

. Comparing sense crystal 3 with reference crystal 4 on the leading edge and
with crystals 7 and 8 on the trailing edge. it is observed that although the
increase in the Zn and S concentrations on tilting are comparable, the ZnS
coating appears to have thinned in sense crystal 3, as indicated by considerably
lower percentages of both Zn and S in QC 3 relative to QCs 4., 7, and 8.
While these measurements were not performed before flight, all samples were
deposited such that the coatings should have been identical.
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Table 4.11.1.7a. Contamination/Deterioration Effects Data Base
For Quartz Crystal Microbalances

MATERIALS FIGURES LDEF COMMENTS
LOCATION
In,O/AV/ALQ, on None D3 Si (probably from silicone) is the key
Quartz, D9 contaminant identified on the surface of all the

crystals. Level of Si contamination is found
to be higher on the leading edge than on the
trailing edge. Other, lesser contaminants
found on several of the crystals include Mg,
Ca, K, Na, Ag, CL Sn, and Pb.
Contamination source(s) still to be resolved.

ZnS/AI/ALO; on None D3 Si (probably from silicone) is the key

Quartz D9 contaminant identified on the surface of all the
crystals. Level of Si contamination is found
to be higher on the leading edge than on the
trailing edge. Other, lesser contaminants
found on several of the crystals include Mg,
Ca. K, Na, Ag. CL Sn. and Pb.
Contamination source(s) still to be resolved.

In,O/ALO; on Quartz None E3 Frequency increase by 33 Hz due to = 1 nm
» contamination layer. Contaminant not
‘ identified specifically.

Zn5/ALO, on Quarty, None E3 Frequency increase by 225 Hz due to = 8 nm
contamination layer. Contaminant not
identified specifically,

Using XPS, a comparison of leading edge crystals (1,2,3, and 4) versus trailing edge
crystals (5,6,7, and 8) indicates that there is a higher percentage Si coverage on the leading
edge. In addition, a comparison of the sense crystals versus the reference crystals indicates a

higher percentage Si coverage on the sense crystals (Ref. 21).

A

The SIMS technique was used to gather more information on the Si contamination
area coverage, and depth profiles. A thin filin of carbon was first deposited on the surface of
all the samples to minimize charging, and the analyses were performed by sputter etching
through the carbon film. This technique worked well on the In,O;-coated crystals. It did not

work as well on the ZnS-coated crystals. Depth profiles and elemental analyses were made
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4.11, Quartz Crystal Microbalances

with an Applied Research Laboratories (ARL) ion microprobe mass analyzer (MMA) using a
1 nA primary beam of oxygen ions accelerated to 4.5 kV and focused to approximately 15
pm in diameter. The depth profiles were made following elements of each of the

contaminants (Si, K, Mg), and the coating (In, Zn), and the substrate (Al) (Ref. 21).

A survey of the results shows that the Si+ intensity is approximately 1 to 2 orders of
magnitude higher on the sense crystals compared to the reference crystals, and appears to be
approximately an order of magnitude higher on the leading edge sense crystals compared to
the trailing edge sense crystals. Depth profiles showing the distribution of Si relative to In
and Zn for the In,0,-coated crystals show that on the sense crystal 1, a layer of Si occurs
above the In,O, layer. On the reference crystal 2, there is no distinct indication of Si
coverage of the In,O, layer. The presence of a significantly smaller Si layer above the In,0,
layer is detected on the sense crystal 5, while on the reterence crystal 6, Si is not present on
the surface. Similar results are obtained from the ZnS-coated crystals although interpretation

is hindered by charging of the sample upon reaching the ZnS layer (Ref. 21).

With regard to the $1002 samples (flown in E3), QCM measurements and physical
surface analyses done by the experimenter indicated between 1 and 8 nm contamination layers
on all space-exposed surfaces. The QCM frequencies increased during the mission. The
frequency of the QCM (ZnS) increased relatively strongly by 225 Hz and of the QCM (In,0,)
by 33 Hz only (Ref. 19).

4.12 RELATED MATERIALS EXPERIMENTS

A variety of other materials was flown on LDEF from which data can be obtained that
are relatable to space optical systems. The LDEF data available from selected adjunct

experiments are discussed below. Table 4.12.a shows a summary of experiments related to
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. space optics. Table 4.12.b shows the related optical materials and the effects addressed by

the LDEF experimenters.

b}
Table 4.12.a Experiment Summary for Related Space Optics Materials
N EXPERIMENT RELATED SPACE OPTICS MATERIALS
A0Q034 Thermal control coatings on borosilicate or fused silica windows:
: Z-93 paint, A-276 paint, S-13G paint. S-13G/LO paint, Z-306
Chemglaze, and YB-71 ZOT paint
7949 coverglass/Mark HIE, 7940 coverglass (bare). 7940
MOO03-4 coverglass/Mark 11D, 7940 coverglass with 350 nm couating,
Ceria with 350 nm coating
M()X)3-8 P1700 Polysulfone/T300 Graphite. PMR-15 Polyimide/C600
Graphite. 934 Epoxy/T300 Graphite
i
N 4.12.1 KRelated Space Optical Materials

4.12.1.1 Impacts

Table 4.12.1.1a summarizes and provides a guide to the materials contained in this
section.  Experiment M0003-4 was a solar optics experiments which flew uncoated and coated
fused silica cover glass. Fused silica is used for refractive optics and substrates for optical
systems. Long, fine fractures emanated from impact craters. Coatings are microfractured and
flaking at the edges. Blisters appear along fractures. Dendritic growths are apparent (Ref.

12). The solar cell covers showed similar impact damage as the refractive optics components.
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Table 4.12.b. Related Space Optics Materials

» Data contained in this section
e Data contained in other, cross-referenced sections

@
®
0 i
® EFFECTS
o I A A D S S C
® M T B A T C 0]
p 0 S R R A N
@ A | M / K E T | T
® C 1 T E S T A
MATERIALS T C R N S E M
o $ A I R /
‘ O N N D
X / G E
) Y R T
G E E
® E F R
@ N L
@ Thermal Control Paings
® (Z-93 paint. A-276 paint, S-13G paint, .
$-13G/LO paint, Z-306 Chemglaze, and
[ YB-71 ZOT paint)
@ ver
‘ 7940 Coverglase (bare) °
o 7940 Coverglass/Mark 111D ®
® 7940 Coverglass/Mark TIE
‘ ®
@ 7940 Coverglass with 350 nm Coating
o
® Ceria with 350 nm Coating
@ P1700 Polysulfone/T300 Graphite P °
@ -
) PMR-15 Polyimide/C600 Graphite e PS
: 934 Epoxy/T300 Graphite ° °
o
o
o
®
o
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Table 4.12.1.1.a Impact Effects On Related Optics Materials

MATERIALS/ LDEF

COATING FIGURES | | ocaTION COMMENTS
7940 coverglass/ E.101 D9 Long fine fractures. Coating blistered
MARK IIE E102 Do and flaked
E.103 D9 Parallel fractures in cover glass
7940 coverglass E.104 D9
Bare -
E.105 D9
7940 coverglass/ E.106 DY Dendritic growths along fractures

MARK 11D

4.12.1.2 Atomic Oxygen

Data from two experiments, AO034 and M0003-8, were found for this section. Table

4.12.1.2a summarizes and provides a guide to the materials contained in this section.

Table 4.12.1.2.a Atomic Oxygen Effects On Related Optics Materials

- . B LDEF " o
MATERIALS FIGURES LOCATION COMMENTS
Thcnnal C(?ntml - 9 Material erosion as ¢videnced by induced
Paints on Window E.114 . .
et ac C3 changes in fluorescence
Substrates
P1700
Polysulfone/T300 E.107 D9 Material erosion
Graphite
PMR-15
Polyimide/C600 E.108 D9 Matcrial Erosion
Graphite
934 Epoxy.[r 300 E.109 D9 Material Erosion
Graphite
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Thermal control paints flown on experiment AO034 showed evidence of AQ effects.
Fluorescent emissions from the thermal control coatings under black-light illumination
revealed patterns of material-dependent visible changes as a result of AO exposure (and solar
UV). For the six types of thermal control coatings, the induced changes in fluorescence are
similar in pattern for the three zinc oxide-based coatings (Z93, S13G, and S13G-LC) as well
as for the two polyurethane-based coatings (A276 and Z306). The zinc orthotitanate (YB-71)
coatings provided no detectable evidence of intrinsic or induced fluorescence. The intrinsic
yellow glow of the three zinc oxide-based coatings under black-light illumination is
suppressed as a result of exposure on the leading edge. Fluorescent emission of S13G and
S13G-LO directly exposed on the trailing edge is shifted in color to longer wavelengths
(orange), while the fluorescence of Z93 specimens directly exposed on the trailing edge is

apparently suppressed to the same degree as Z93 specimens on the leading edge (Ref. 11).

Specimens of the two polyurethane-based coatings were included only in the leading
edge unit. Distinct fluorescent emission under black-light illumination is seen for specimens
of these coatings exposed under the UV-windows, excluding AO. This induced fluorescence
is generally lost as a result of exposure to AO for specimens of these coatings on the leading
edge, although the Z306 specimen directly exposed on the leading edge is faintly fluorescent

when viewed under black-light ac an angle approximately 10° off-normal (Ref. 11).

These material-dependent fluorescence changes induced in the coatings as a result of
the space exposure were found to be governed primarily by AO (and solar UV) exposure.
Detailed spectral measurements of fluorescent emission are being obtained by the
experimenter to correlate with the flight specimen black-light observations. Laboratory AO
(and UV) exposure testing of the specimens is still in progress by the experimenters to

investigate the nature of these induced effects further (Ref. 11).

Experiment M0003-8 flew specimens of organic matrix/graphite fiber reinforced

composites at both the leading and trailing edges of LDEF. Graphite/Epoxy materials are
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under consideration for use as sunshades for optical systems. The LDEF experiments provide
insight to the performance of these materials in an AO environment. The leading edge of the
exposed composites sutfered AO erosion. Leading edges using these materials will require
AO protection. Photomicrographic results showed that the leading edge of organic

composites could experience recession with 3 to 7 mils of material loss (Ref. 22).

4.12,1.3 Scatter

To date, no data have been found for this section,

4.12.1.4 Absorption/Transmission/Reflectance

To date, no absorption/transm.ssion/reflectance data have been found for this section.

4.12.1.5 Darkening

While no cryogenic optics were flown on LDEF, cryogenic optics are important for IR
applications. A recently completed series of experiments under BMDO PMA 1501 has shown
that cryo-optics which contain impurities will darken when subjected to low levels of

radiation. This did not happen when care was taken in controlling impurity concentrations in

the optics.
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4.12.1.6 Stress
Post-flight tensile moduli values compare favorably with preflight values for the epoxy
and polysulfone system. Compression moduli data for the epoxy and polysulfone systems are

questionable due fo the severe end blooming (Ref. 22).

Table 4.12.1.6a summarizes and provides a guide to the materials contained in this

section.
Table 4.12.1.6a. Stress Effects On Related Qptics Materials
MATERIALS FIGURES LDEF COMMENTS
Bk PR LOCATION o
P1700 Polysulfone/T300 E113 DY Favorable pre- and post-test tensile
Graphite moduli comparable
PMR-15 Polyimide/Co00 E.Q13 D9 Favorable pre- and post-test tensile
Graphite moduli comparable
7 ’ { . . v doteel tencile
934 Epoxy/T300 Graphite E.l13 DY I.wmthu pre- and post-lest tensile
moduli comparable

The compression and tensile test results are based on a limited sample. Pre- and post-

flight strength values are very similar but well below anticipated values (Ref, 22),

4.12.1.7 Contamination/Deterioration

Experiment AO034 was an AO outgassing experiment on which UV windows and
mirrors were included adjacent to thermal coatings. ‘This experiment showed that severe
transmission/ reflectance losses could resull for space optical materials if they are located 100
close to thermal control paints (Ref. 11). Experiment M0003-4 was an experiment
examining space effects on solar power components.  This experiment showed that coatings

on glass can crack and flake when exposed to the space environment (Ref. 12).
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Table 4.12.1.7a summarizes and provides a guide to the materials contained in this

section.

Table 4.12.1.7a Contamination/Deterioration Effects On Related Optics Materials

MATERIALS/ ) LDEF

COATINGS LOCATION COMMENTS

Thermal Control C9 Contamination from thermal paints severely
Paints on Window a3 degraded optical performance.
Substrates

7940 Coverglass/ 9 Perimeter hazed. Coating cracked and flaked.
350 nm coating

Ceria/ Perimeter hazed. Coating cracked and flaked.

350 nm coating

The AOG34 thermal control coatings consisted of YB-71, Z-93, $13G, S13G-LO,

AZ76, and Z-306 paints. Molecular contamination on the inner surface of the UV-grade

quartz windows flown along with the coating samples provided one comparable measure of
the optical degradation attributable to the various types of coatings. These contaminated films
were yellow and red in color and bonded relatively strongly to the inner glass surfaces (Ref.
11).

The visible darkening of the AO034 flight windows and the measured degradation in
UV transmittance were significantly greater for the leading edge samples than for the trailing
edge samples. Since the inner surfaces of the sealed (teflon gasket) windows were not
exposed to AQ, one cause for the enhanced deposition on the leading edge windows identified
by the experimenters may be thermal in origin, arising from different susceptibilities to
deposition as a result of more rapid cooling during sun/shadow transitions for the LDEF row
receiving more direct sun illumination in the early mission phase when outgassing should
have been more prevalent. The transmission losses of these windows indicate the relative
severity of contamination effects resulting fron: outgassing and solar UV-induced

photochemical reaction for the various types of underlying thermal control coatings (Ref. 11).

1000000000300 0000000000030000000000000000000
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The AOO034 experimenters also noted some obvious discrepancies in the response to
space exposure for a few of the coating specimens compared to the average response
observed for specimens of a type. The experimenters believe that this indicates the existence
of batch variations which must be considered in generalized predictions of response to space

exposure (Ref. 11).




4-110

4.0, References




CHAPTER 5§
OPTICAL DESIGN CCNSIDERATIONS:
IMPACT OF LDEF RESULTS AND ANALYSES

5.1 INTRODUCTION

This chapter presents the conclusions and inferences drawn from the LDEF data
presented in Chapter 4. Because there was a variety of experiments, materials, LDEF
locations, and environments experienced, the data set is multi-faceted. To capture this multi-
faceted nature, the following material endeavors to categorize the LDEF results into groups
useful to optical designers. As will be scen, these groups align with optical system design

parameters.

The LDEF experimenters attempted to address the following optical system-related

concems:

. Degradation of transparent elements (darkening, impacts, contamination) which:

Reduces the throughput of available light for photometric, radiometric,
and imaging systems

- Degrades image resolution

- Increases scattering which, in turn, increases background noise.

. Degradation of optical coatings (erosion, discoloration, delamination, pitting,
contamination) which produces:

- Holes in coating that may alter material wavelength-dependent
transmission and reflection properties

- Surface contamination on coatings that may decrease throughput of light

- Increased scattering which, in turn, increases background noise.

. Degraded or damaged coatings which encourage other types of damage that
lead to:
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Redeposition of contaminants, including damaged coating materials, on
other system optics (leading to loss of resolution, reduced throughput,
wavelength dependence)

Permanent changes in multilayer-coating thicknesses due to thermal
cycling at high temperatures

Degradation of diffuse paints or diffuse metal coatings in opsical systems
(erosion, discoloration) which may cause:

Baffling efficiency to decrease due to increase in specular reflection or
the baffling efficiency to increase due to an increase roughness of baffle
surface topography

Redeposition on other materials

Contamination of system optics (I 1ding to loss of resolution, reduced
throughput, and/or altered wavelength dependence)

Degradation of fiber optics (radiation darkening, impacts, contamination) that
result in:

Reduced transmission

Complete loss of signal

Increased system bit error rate (digital)
Decreased signal-to-noise ratio (analog)

In the chapters that follow, the experimental results presented in Chapter 4 will be

categorized in terms of the impact they have on the performance of optical systems. The

emphasis is on sorting through the extensive, expanding LDEF database to find "what

worked . It is expected that more items will be added to the "working" category as data

continue to become available.

5.2 CRITICAL INTERACTIONS FOR OPTICAL SYSTEMS

Figure 5.1 shows, for a generic optical system, the design flow from the natural
environments which can impact a system through the compenent respouse to the sensor

response. As can be seen from the figurz, in the design of an optical system for space, the
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majority of the optical components will not experience the full range of hazards observed on

LDEF. The following observations can be made:

All of the components will experience the ionizing radiation environment.

Depending upon the design, all the components can experience the thermal
environment and be subjected to contamination.

External components such as priraary mirrors, windows, baffles, and the sun
shade can experience the effects of solar radiation, AO, and micrometeoroids
and debris.

Based on the operational environments to which the components might be subjected
and based on the specific system design features, three groupings can be defined to classity
the exposure for optical components in a space system: (1) benign exposure, (2) minimal
exposure, and (3) maximum exposure. Each is discussed briefly in the context of space

environment exposures in the following sections.

The benign environment. Unless the optical system is designed specifically to
observe the sun, most optical elements will not be exposed to prolonged solar radiation. For
long-range surveillance missions, internal temperatures will be controlled to at most a few
degrees. Fluxes of AQ and micrometeoroids will be negligible. The benign environment
category best applies to components "buried” in a telescope assembly, for example, and also
applies to experiments flown in the inside of the LDEF spacecraft cylinder. (Specific
contamination effects are not considered representative, but must be considered in any optical

design.)

The minimal-exposure environment. This category describes an optical component
exposed to a minimum micrometeoroid and debris environment and also to the solar flux, but
with a low level of AQ exposure. This category best applies to "external” telescope compo-
nents which are not looking in or near the ram direction; this category also applies to

experiments on the trailing edge position on LDEF.
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The maximal-exposure environment. This category describes an optical component
exposed to micrometeoroids and debris and solar flux, with a high level of AO exposure.
This category applies to "external” telescope components looking in or near the ram direction

and to experiments on the leading edge position on LDEF.

In progressing from benign exposure to maximum exposure, each environment
exposure can be characterized as more severe than the one preceding it. For this report, it
was assumed that any optical component that "works" in the more-severe environment is
deemed to also work in all less-severe environments. This is not axiomatic and any

deviations found through future work will be reported as the handbook is updated.

In order to form a coherent assessment of the magnitude of effects for each of these
three categories, it is necessary to describe the effects associated with specific LDEF
experimental configurations (experimental location and environments exposures). As shown
in Figure 5.2, the LDEF experiments were located on the surface of a cylindrical shape. The
spacecraft was oriented so that its axis of symmetry was pointed at the earth, and so that its
direction of travel was about normat (8.1° off) to Row 9. LDEF Solar radiation, AO, and

micrometeoroid and debris values, as a function of position, are given in Appendix A.

The solar-radiation-driven thermal cycle (once per orbit) consisted of 15 orbits per day
for a total of about 34,000 orbits in the longest (70-month) LDEF exposure time. The
nominal temperature cycle was from -23°C to +66°C, a 160°F swing. This average was
suggested to have local variations, depending on the geometry and the local absorptance of
the solar radiation. Interior locations had the potential for lower swings in temperature, since
the time period for the thermal variation was about 1.6 hours. Space radiation (e.g.. charged
particles and gamma rays) characteristic of the LEO space environment were also present,

Contamination of optics was observed to be very dependent on the particular experiment

setting.
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LDEF Orbital
Flight Orientation

Launch April 6, 1984
Deploy April 8, 1984 260 NM @28.5°
Retrieval January 12, 1990 178 NM
Landing January 20, 1990
32,420 Orbits 854,000,000 Miles

» Gravity Graic NORTH

Stabilized Al 1de

SPACE-
FACING
END

LDEF ENVIRONMENT

16,000 hours UV

34,000 Thermal Cycles

0 to 10”2 Oxygen Atoms/cm?

2.5 X 10° rads clectrons and protons radiation

Figure 5.2. LDEF Orbital Flight Orientation
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Definition of "working" optics materials. Demonstration of "working" in the
context of this document means that no serious degradation was observed as a result of
exposure io the space environments in the optical component response parameters of Figure
5.1. For example, for optical substrates and metal reflectors (with and without protective
overcoatings), demonstration of working acceptably requires showing minimal physical
damage, showing no overcoating or other visual degradation (such as darkening of substrates
and coatings), and, for the metal reflectors, showing no debonding between the metal, its

substrate, and the overcoat.

For reflective and refractive optics, a required test of a component working acceptably
is demonstrating that the post-flight reflectivity versus wavelength (transmissivity for
substrates) is comparable to that seen pre-flight. (Regrettably, this test is one that is not
presently available for many of the LDEF optical samples because they have been
contarninated, have not yet been cleaned, and, therefore, are not categorized as "working.")
In developing the list of preferred "working™ optical components, the biggest driver is the
contamination of the samples. Because contamination skews and clouds the examination of
the real behavior of the optical materials after space environment exposure, this limited
consideration cf optical components to only those elements which were cleaned.
Mcasurements made on contaminated components, in most cases, showed a significant
decrease in the measured parameter (¢.g., cither reflectivity or transmissiviry for reflective or
refractive optics, respectively) and it cannot be known whether the observed degradation is

the result of the surface contamination or the result of poor optical material performance.

When contamination was not a factor (as when examining the samples for stress,
darkening, or impacts degradation), a working optical component was identified when post-

retricval measurements were comparable to the pre-flight measurements and when the slight

changes in the post-flight measurements did not degrade the optical element performance.
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Working components are identified in the following sections. There are a number of
components which are not included but which may be acceptable under other conditions than
those experienced in the LDEF orbit. These materials are discussed in Section 5.4, General

Optical Design Considerations.

5.3 PREFERRED OPTICAL COMPONENTS

5.3.1 Benign Environment

The buried components, particularly optical filters and mirrors, are exposed to the
benign environment. Based on the data from the LDEF experimenters, the components listed
in Table 5.1 showed little degradation in the minimum exposure environment, therefore, they
arc acceptable for the benign environment.  Although some of the components listed were not
shielded from the environments, they are included tor the simple reason that the LDEF data
demonstrate that these components can withstand an ¢ven more severe space environment,

thus qualifying them as working components in the benign environment,

5.3.2 Minimum-Exposure Environment

Space optical components which may be exposed to the minimum-exposure
environment include optical windows/substrates, baffles, and the sunshade. In some instances,
optical filters and/or mirrors may fall into this category. To avoid repetition, when filtzrs or
mirrors are expected to be exposed to a minimal level of the space environment, reference to
Table 5.1 will provide the pertinent information concerning the appropriate working
components.  The optical materials, listed in Table 5.1, showed little degradation in the

minimum-exposure environment.
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Table 5.1. Optical Elements Acceptable to Minimum-Exposure Space Environment

ELEMENT COMPONENT EXPERIMENT

Fused Silica/Ag

S0050-2

ULE™/Ag

Al/LiF/Kanigen
ZnZe/ZnS/ThE; on ZuSe

Ag/ALO JKanigened Al

AQ138-4
Ge/ZnS/ThE/Glass

ThE,/Ag on B1664 Glass

Mirrors/

Ag/ThE /Kanigen
Reflectors Yy g

(SALOY/Ag/Si MO003-2
ALOJCaF,

Visible 1060 nm Mirror/Ti0,-8i0Q, on
B1664 Glass

MKKY3-7

10.6 pm Mirror/Ge-ZnS-ThE; on B1604
Glass

Au/Glass AQL38-3

PUGlass

PhTe/ZnS/inSe on Ge

PhTe/ZnS on Gie

ZnS/Chiolite on BK7G18 and RG780
(”il.\'ﬁc.\' A(X)S()
Ge/Si0 on ALO,

Pbl, on ZnSc¢

SiQ on Si

Filters

ZnS/Cryolite/Ag on Fused Silica

TiO/Z10/Si0/B 1664 Glass

ThE/Cryolite/Fused Silica

ALY
ZnS/This on Fused Silica

PhS/Cryolite/Ag on Fused Silica

Tht:/Cryolite/Al/Ze0), on Fused Silica
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Table 5.1. Optical Elements Acceptable to
Minimum-Exposure Space Environment (Cont.)

ELEMENT COMPONENT EXPERIMENT

Fused Silica

Fused Silica/Solar Rejection

Fused Silicw/Ag §0050-2
ULE™ Glass
ULE™ Glass/Ag

$io, M0003-2

Fused Silica

ULE™

BK-7

Soda-Lime-Silica AOI172

Windows/

vre
Substrates Pyrex

Vycor

Zerodur
Ge
Si

Cdre

AOOSO
ALO,

Y-Cut Quartz.

Z-Cut Quautz.

Ge/ZnS/ThEYGe

AO118-4
nS/Ge

5.3.3 Maximum-Exposure Environment

Space optical components which may encounter the maximum-exposure environment

include the same or similar materials to the minimum-expostre environment:  windows,
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baffles and the sunshade. As before, in some instances optical filters and/or mirrors may also
fall into this category. Within the LDEF data reported to date, all of the
windows/baffles/sunshade materials have been flown on the LDEF trailing edge. Based on
this position, the materials are viewed as working in the minimum-exposure environment, but
not necessarily in the maximum-exposure environment.  As such, no materials can be reported
at this time as being acceptable, working optical materials in the maximum-exposure
environment, This conclusion will be updated as more LDEF data are reported by the

experimenters.

This leaves the optical designer in an uncomfortable position if placing optics in the
maxinume-exposure cnvironment is unavoidable, Experiment M0O003 has reported that the
tfollowing optical components survived in this environment; Au on Al Al on fused silica, and
bare fused silica. These components have not been measured for reflectivity and/or
transmissivity.  However, based on results of the less-severe, minimally-exposed environment,
a best-guess suggestion would be to use bare fused silica as a window, and gluminum on

fused silica, with a fused silica protective overcoat, as a mirror,

5.4 GENERAL OPTICAL DESIGN CONSIDERATIONS

5.4.1 Contamination Control

Meny of the substances on LDEF degraded in the environment of AQ and solar
radiation (capecially UV), Ourgassing from heated substances, followed by (possibly UV-
accelerated) deposition on cooler optical surfaces wius common.  Graphite epoxies, which are
being considered for use as sunshades, may outgas.  Preservation of the performance of .

optical surfaces calls for strict control of potential contaminition sources.
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Two potential design approaches are temperature control and material selection.
Temperature control is the maintaining of constant lower temperatures where possible.
Although it is a good design approach to "athermalize” the optical system, i.e., to design the
system so that its optical performance is unchanged if the entire system changes in

temperature together, it is still a good policy to contain potential temperature excursions.

Material selection involves not only the optical components but other spacecraft
materials such as thermal control materials, adhesives, and optical mounting materials which
can be potential contamination sources. Some of these substances degraded on I.DEF and
became contamination sources. Other materials had their thermal-control properties degraded.
These results are summarized in Table 5.2. Even the acceptable items may not withstand the
highest levels of AO. For example, D-111 black thermal-control (TC) paint was crazed and
contaminated on the lcading cdge, with maximum AQ flux, but was acceptably unchanged in
the trailing edge position, with minimum AO flux. An interesting occurrence is that black
coatings for baffles seem to age in the space environment and improve the performance of the
baffles.

5.4.2 Micrometeoroid Damage

The effects of micrometeoroid and debris damage is discussed in detail in Chapter 6.

Here we will discuss the considerations to be given in an optical design.

Micrometeoroid damage causes cratering in optical surfaces; for britile, crystalline
materials such as CaF,, the substrate can be cleaved. If the CaF, is used as a window to hold
off significant pressure, it is more likely to burst from the pressure. (When Cak, windows

are tested to failure to establish burst statistics, it was shown that their yield stresses get

higher when the window surfaces are polished to a smoother figure.) With Cak,, burst safety




5.3, Preferred Optical Components

factors must account for reductions due to cratering. If cratering leaves high residual stiesses,

thermal cycling following cratering has the potential to expand the region of damage further.

Table 5.2. Thermal Control Materials, Adhesives, and Optical Mounting Materials

MATERIAL THAT GENERATED MATERIALS WHICH ARE ACCEPTABLE
CONTAMINANTS OR DEBRIS (FROM DEBRIS/CONTAMINATION POINT
OF VIEW)

Silver Teflon (Ag/FEP) film ITC-coated Kapton

Aluminized and barc Kapton

Alumirized Mylar

Delrin
Tetlon
__Black RTV
MATERIALS THAT SHOWED LOSS OF MATERIALS WHICH ARE ACCEPTABLE
THERMAL-CONTROL PROPERTIES (FROM THERMAL-CONTROL PROPERTIES

POINT OF VIEW)

White TC paint with Ti0,. Eu,0,. ALO,. and ZnO Z-93. YB-71, PCB-Z white TC paints
pigments: Chemylaze A276, S13GLO

Black TC paint Chemglaze 2300 0O-111 black TC paint

Black Anodized Al (bleached by UV) Chromic Acid Anodized Aluminum

Cratering can be a local phenomenon, especially it the substrates are metals or glassy
hard materials such as fused silica. When the cratering penetrates the coating, it exposes the
underlying layers to the environment, [f that environment includes AO, the AO can atuack
underlying layers, expanding out from the cratering site, even though there may be an outer
protective coating. Thus, in an environment of micrometeoroid damage and AO, tused silica
over aluminum on a fused silica substrate is preferred to the same coating with silver

substituted for the aluminum.

A major impact of cratering (and contamination) is to tncrease the scattering at the

damaged surface. For metal surfuces, this can appear as a small decrease in reflectivity. The
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roughened surface appears to “"trap” a small portion of the light, reflecting it among "rough”

regions on the surface until a portion is absorbed.

In general, the scattering surface diffracts the light into directions (spatial frequencies)
which are not desirable. In considering the resolution of an optical system, light from the
target is scattered (diffracted) from the desired low spatial frequencies into undesired high
spatial frequencies, typically higher than the (spatial) {requency bandpass of the optical
system. This transfer of energy from low to high spatial frequency is seen in a lowering of
the peak in the system Modulation Transfer Function (MTF) curve, and can be treated

acceptably as an optical element with its own MTF which limits the total system bandpass.

The scattering surface can scatter light not from the target into the target’s image. As
such, it becomes a noise source, which increases in power as the scattering gets worse.
Typically, this implies an increase in noise from the target’s backgrouad, with a modest
decrease in signal-to-noise ratio (SNR). However, if the scatterer is illuminated brightly, e.g.,
by direct solar radiation or by an anti-satellite laser blinder, the SNR can undergo a major

decrease. In designing for stray light control (baffles and shrouds), this should be considered.

5.4.3 lonizing Radiation Damage

Optical materials flown on LDEF did not show damage due to ionizing radiation.
Because of the low radiation environment to which these components were exposed due to
the LDEF orbit, care must be exercised in picking components to be used in higher altitude
LEO. At these higher altitudes, the radiation environment will become quite severe and could
result in darkening of optical components, such as ULE™. While no cryogenic experiment

was flown on LDEF, it has been shown that poor control over contaminants in cryogeaic

components will result in darkening due to the radiation eavironment.
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5.4.4 Atomic Oxygen

While soft materials, such as KRS-5, suffered damage on LDEF, it was due to attack
by AOQ. At altitudes above 800 km, AO is no longer considered a major design concern.

Therefore, for higher-altitude LEO missions, these materials may be suitable for use.

5.5 RECOMMENDATIONS FOR ADDITIONAL PROCESSING OF LDEF DATA

A large number of samples in many experiments have yet to undergo measurements of
(spectrally-dependent) transmission and reflection. A prioritization of samples for this process

is recommended, as follows:

. Physically undamaged, "unchanged” multilayer dielectric coatings.

. Phyvsically undamaged, "unchanged” coatings and substrates.

. Physically undamaged, "coritaminated” coatings and substrates which can be
successfully cleaned .

L4

Other coatings and substrates.

For multilayer diclectric coatings, measurements of (spectrally-dependent) reflection is
critical to assure no degradation.  As shown in the results for experiment S0050-2, certain
surfaces can be cleaned of contaminanis and restored to their pre-flight values (section

4,5.1.4). By prioritizing ongoing experimental assessments this way, a better understanding of
£ ongoing y g

what "worked" will soon he available.
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CHAPTER 6
THE EFFECTS OF MICROMETEOROIDS AND DEBRIS (M&D)

A general introduction to the microparticie space environment for low Earth orbit
(LEO) was given in Chapter 3. An in-depth description of the M&D environment, the
models used, and its effect on optics is given in Ref. 1. This chapter provides a detailed

summary of the material in Ref. 1.

6.1 SPACECRAFT MICROPARTICLE IMPACT FLUX DEFINITION

6.1.1 Introduction

The microparticle environment encountered by a spacecraft in low and medium Earth
orbit (LEO and MEOQ, respectively) is defined by two sources: man-made debris from space
activity since October 1957, and naturally occurring micrometeoraids. The two models used
in these computations have reduced the raw data obtained so far into functions that
characterize the microparticle fluxes. These flux data must then be transformed to the
appropriate moving coordinate system of an orbiting satellite, and then integrated over the
required mission life time. Due to the vector addition rules for impact velocity. the front end
(RAM direction) of a satellite will experience more microparticle impacts than the rear end
(the TRAIL end). The model predictions are in the form of numbezr of cumulitive
impacts/m’/year versus a given impactor size distribution (i.c., for impactors greater than or

equal to a given size) and also as functions of the crater sizes expected versus impactor sizes.

A computer program, SPENV (§pace Environment) medels the micrometeoroid and
space debris environment encountered by a spacecraft in an orbit between 200 and 4500 km.

The phenomenology numerically comipnted is pravided by B.G. Cour-Palais (Ref. 2) for

micrometeoroids and by D. Kessler (Ref. 3) and R.C. Reynolds for space debris. The models

are outlined in NASA SP-8013 (Ref. 2), and NASA-TM-100471 (Ref. 3) with recent. 1990,
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data, provided in a recent Phillips Laboratory briefing by Kessler (Ref. 4), respectively. The
predicted results from the program are being compared with the data seen from the
Interplanetary Dust Experiment (IDE), and other cratering and penetration data, from the
LDEEF satellite. The following is a brief discussion of the models, and the predictions

obtained, and how these predictions compare with experimental data.

6.1.2 Man-made Debris

The microparticle environment is described in terms of two scparate models, one for
the man-made debris, and the second one for the naturally occurring micrometcoroids. The
existing Kessler debris model assumes that the particles arc all in circular orbits and,
thereforc, have a common speed with that of any spacecraft which is also in a circular orbit at
the same altitude.  This logic immediately implies that hits can only be in the plane which is
parallel to the Earth's surface. Therefore, only the RAM and SIDES can be hit and there will
be no hits on cither the SPACE end, the EARTH end, or the TRAIL end. The debris model
predicts that the number of hits per area, per time are functions of altitude, the 11 year solar
cycle, orbit inclination, particle size, and time. A growth model has been assumed which has
two components--one component due to continued launches and a second component due to
fragmentation resulting from explosions and collisions between the various pieces within
orbit. An important point to note is that for debris alitudes greater than 700 ki there is only
a simple growth factor, since the influence of the atmosphere is negligible, However, as
altitude decreases below 700 km the effect of the atmosphere becomes increasingly important
and there is a cyclic component to the history which is due to the solar cycle behavior and

the consequential atmospheric heating effect.

When bodies collide with each other, or fragment due to explosions, there is a fractal
fragmentation log-log tunction deseribing the relative cumulative number of particles against

the size of the particles. Ground based experiments, for example performed by Physical
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Sciences, Incorporated (Ref. 5), using hypervelocity impact tests, have confirmed that the
general trend for this cumulative data as a function of the size of the resulting particles is
very similar to that seen for the space debris and micrometeoroids, as shown in Figure 6-1.

In all cases the cumulative particle data tend to scale inversely with the size of the particle to
some power, where the index tends to be about at least 2.25 for debris and up to about 3.5 for
micrometeoroids. For the smaller particles, below 1 micron, the micrometeoroid flux is

observed to level off.

Knowing the velocity of collision it is possible to calculate the angle of impact relative
to the normal to the RAM direction, as seen in Figures 6-2 through 6-4. This is given by a
simple cosine relationship.  Having determined the polar distribution (which is all within the
plane parallel to the Earth's surface), it is possible to calculate the relative number of hits for
a given surface orientation. “This is obtained by using the polar diagram and calculating the
local cosine directions of arrival versus the local normal to the surface. This methodology
reveals that the relative nuinber of collisions is @ maximum on the RAM surface and
gradually drops towards O as the surtace is rotated towards the TRAIL end. Figures 6-2
through 6-4 illustrate these polar distributions, Note how they display "butterfly” shapes, with
details dependent on the spacecraft orbit inclination. Clearly indicated is the fact that there is
an exclusion angle for impacts near the RAM vecter, demonstrating the dearth of direct head-

on collisions.

With regard to the mean density of the debris, the present recommendation is that for
particles smaller than 0.5 ¢m the mean density be set at 4.0 g/em'. This is based on the fact
that most of such small particles consists of either wmall alumina particles (e.g., from
propellants) or the debris from paint and pigments, which are usually comprised of such
materials as titania and zine oxide. For larger particles greater than 0.5 c¢m the density is
mitially about 2.8 g/em’ (representing aluminum) but becomes a decreasing factor of the size

of the particle (i.e., p = 2.8/d"™). The basic explanation for this is that the particles are not
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solid bodies but rather portions of structures which, therefore, act as if partially hollow and

pseudo-porous.

The data given by the Kessler model is one of hits versus impactor diameter.
However, a large amount of the data base, such as seen on LDEF and on other spacecraft
(e.g., Solar Max), is in the form of hits versus crater or perforation diameters. It is, therefore,
necessary to relate one to the other. It is well known that for a given size particle the greater
the density and the greater the impact speed the larger will be the size of the crater. To date,
a simple scaling law has been applied to relate the size of the crater to the size of the particle
causing it. This simple rule involves a cube-root law of ratio of density of incoming particle
to the target material and makes use of a two-thirds power law for the collision velocity (i.e.,
the "energy scaling” rule).  Sce Figure 6-5. The normalizer is based on known terrestrial
Aluminum (Al) into Al impact data. The literature on impact dynamics is tull of analytic
“curve fits" of such cratering (at least 19 equations have been identified). Recent work (Ref.
6) has produced new scaling laws. These new laws will be applied to the analysis of LDEF
in the future, however, the overall changes in interpretation are expected to be small (e.g.,
less than 20 percent). The impacts are a function of the local collision velocity relative to the
surfuce normal, and the latter depends on the orientation of a given surface. Thus, it follows
that the ratio of crater diameter to particle diameter is also orientation dependent. In
particutar, since the impact speed decreases going from RAM to 'TRAIL, the ratio (crater
diameter/particle diameter) also decreases going from RAM to TRAIL. Note that this effect
is in addition to the change in impact flux. Therefore, the cumulative "crater count” 15 doubly

affected.

6.1.3 Micrometeoroids

For micrometeoroids, it should be noted that the Earth passes through many "tubes” of

micrometeoroid orbits during its annual orbit.  These orbits vary from those which are only
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slightly more elliptical than the Earth’s to those with very large semi-major axes. This gives
possible velocities up to 42 km/s for micrometeoroids at the Earth’s orbital radius, while the
Earth itself has an orbital speed of approximately 30 kmys. Since some of the
micrometeoroid orbits are retrograde relative to the Earth (e.g., the Leonids) the potential
head-on collisional speed can be up to 72 kim/s. However, the vast majority of the
micrometcoroid orbits are prograde and consequently the lower collisional speed is about 12
knys relative to the Earth. The micrometeoroid orbits encomrass a wide range of inclinations
relative to the Earth’s ecliptic plane. The orbital velocity of the spacecraft adds a further
modulation to these values. The average of the collisional speeds for a spacecraft is about 19

kmy/s (ignoring local angles of arrival o a given surface).

For short mission times of less than 1 year, it would be necessary to correctly track
exactly which of the micrometeoroid orbits have been intercepted by the Earth, However, for
a multiyear mission, where collisions occur with a large number of micrometeoroid orbits, the
assumption is that the micrometeoroids are coming in towards the Earth from all possible

directions and, therefore, the system appears to be geocentric on average.

Zook (Ref. 7) has provided data (e.g., NASA SP-8013) which gives the relative
velocity of the micrometeoroids as scen by a stationary spacecraft not rotating around the
Earth and also as seen by a spacecraft with its orbital speed. The data base for these velocity
distributions has been provided by Erickson (Ref. 8). They are in the form ol weighted
velocities, including the relative number of impacts as a function of velocity. Figure 6-6

illustrates the Erickson data showing the geocentric and spacecraft-centered relative velocities,

By inspecting all the possible combinations of collisional velocity and angle of arrival
relative to the spacecralt RAM vector, it is possible to derive a matrix which can be read for
each angle of arrival and given in the form of weighted numbers versus collisional speed.

This allows a polar diagram to be established which is three dimensional and axially
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symmetric around the RAM axis. A two-dimensional plot is shown in Figure 6-7. This plot
gives the velocity for the mean number of impacts per kilometers per second. This would be
a truly axially symmetric distribution if the spacecraft orbit was at a very high altitude such
that Earth shiclding could be ignored. However, for lower orbits, the Earth subtends an
exclusion angle such that some particles cannot be seen from the side of the Earth, This
shielding angle has no effect for impacts arriving on the SPACE end of the spacecraft,
However, it does influence all the possible impacts on every other surface, including RAM,
SIDES, TRAIL, and especially the EARTH facing side.  For sufficiently low altitude, the
EARTH tace will suffer 0 impacts, while the RAM, TRAIL, and SIDES will sce exactly one
half the free-space values. In free space the RAM will experience the largest number of
impacts, but at LEO the RAM count can be less than that for the SPACE end. The effect of

Earth shiclding is shown in Figure 6-8.

Unlike the case of man-made space debris, the micrometeoroid flux in LEO (less than
2000 km) is assumed to be essentially independent of the altitude since the particles are
experiencing only a one-shot transter through the atmosphere and, therefore, are not in orbit
long enongh to be significantly influenced by the atmosphere. Further, the gravitational
focusing effect described in Chapter 2 changes very little for such altitudes (e.g., 10 pereent
at 2000 km). Likewise, because of the assumption of the geocentrice distribution, there is no
correlation with the spacecraft orbital inclination, Unlike the case of man-made space debris,
NASA presently recommend:s that for the lower orbit micrometeoroid distribution the mean
density is about 0.5 g/em', This is primarily because most of the microparticles are from
cometary ices. There are, additionally, some asteroidal sources which can include materials
up to iron and nickel with densities up to 7.8 g/em’. However, these constitute only a very
small fraction of the total number of micrometeoroids seen in LEO.  As with the man-made
space debris, it is necessary to convert from crater sizes due to impacts versus the impactor
size itself. “Thus, use must be made of the NASA recommended micrometeoroid density in
order to update the ratio of crater size to particle size. This will again be a function of

surface such that on the RAM surtace, the overall ratio of cratering versus particle size would
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be larger than for any other surface. Figure 6-9 displays the crater-to-particle ratio for the

polar orientations for micrometcoroids impacting aluminum,

With regard to the LDEF orbit, the model presently predicts that the ratio of impacts
for the SPACE-looking end versus the EARTH-looking end should be about 10.5. Figure 6-8
shows the relative number of hits per square meter, for the specific case of particle sizes
greater than Tpm, as a function of altitude. It can be seen that the SPACE-looking end is
essentially a constant (the observed slight increase, seen in the plot, is merely due to rounding
errors in the computer routine which has not been optimized) while the RAM and SIDES start
with noticcably lower impact numbers which gradually increase as the altitude increasces.
Ultimately, for very high altitudes the RAM surface will contain the largest number of hits.
Also seen from the diagram is the fact that the EARTH-facing surface receives the minimum

number of hits which reduce to 0 as the altitude collapses to 0.

6.1.4 Impact Effects

Regarding the ceffeet of impacts on o body, for thick ductile targets relative to impactor
sizes, craters will be formed. These craters have lips varying from plastic flow to molten
splatter. Conversely. for foil targets much thinner than the particle diameter, perforations
occur where the hole size is only slightly larger than the particle size. However, secondary
damage can occur due to the punched-out section and the remnants of the incoming particle.
For high velocity impacts both the impactor and portions of the target are vaporized. For
lower velocities the impactor and target or foil remmants remain molten or solid and
sccondary damage is possible due to ricochets and/or impacts with material behind foils. A
problem of concern is brittle materials, such as AQ protection layers (usually oxides), glasses
and ceramics. In addition to craters there are frequently observed conchoidal surface spalls
around the crater and star cracks moving radially away from the crater. This situation is

similar to the well-known stone penctrating a glass window.  Also, when dealing with layered
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targets with relatively weak adhesion between layers and quite significant differences in
acoustic impedances of materials, it is common to observe delaminations in the ncighborhood
of the crater.  Other synergies occur, such as interaction with UV, AO and thermal cycling.
For example, plastics (e.g., Kapton, Mylar, Teflon) tend to embrittle under UV exposure, and
the combined effects of impacts, AO and thermal cycling, can reduce thermal control paints

to fine dust, thereby posing a contamination hazard,

Averaging over all behavior for both the space debris and micrometeoroids, cratering
tends to give a ratio of crater size to particle size with a mean value of about 5. However,
for local spalls the ratio of spall radius to particle radius is about 20. When brittle target star
crucks are formed, the star crack pattern itself has been observed to extend outward for up to
almost 100 times the original size of the particle, dependent on materials and impact velocity.
These effects may have serious repercussions for the responses of optics which use brittle
materials, particularly for the case of larger high velocity particles. "The major problem is one
of "sund-blasting” of surfaces by small particles. ‘The much larger impactors have an
exceedingly low probability of coellision (except for very farge arca spacecraft, such as Space

Station Freedom) but can produce catastrophic events by rupturing pressure vessels, ete.

The "sand blasting” can remove AQ coatings, which worsens the synergistic AQ
crosion on materials, and can upset optices, associated telescope baftles, solar cells, star
trackers, and thermal radiator surfaces.  Existing data on space flown ductile metallic mivrors
(Ref, 9) such as aluminum, steel or aluminum-coated steel, have indicated that there is only a
relatively small change in actual reflectivity (e.g., less than | percent, determined by on-board
measurements of absorptivity and emissivity) even for greater than 20 year lifetimes.
However, this represents data since 1970, and the man-made debris has been escalating more

rapidly in the recent past.

Unfortunately, there is, to date, limited existing data on any corresponding increases in

the BRDF (units of sr') scattering.  For optics which merely colleet light these data suggest
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minimal effects but for imaging optics, increases in associated scatter may be very important.
Further, if AO-susceptible reflectors (c.g., silver) are employed it is necessary to use an AO
overcoat. The ability of impactors to penetrate the AO layer implies serious potential
problems. For example, an AO layer of thickness 400 A can be penctrated by a particle of
only 200 A diameter, and the flux for such small particles is very high (but also very
uncertain for these sizes). Thus, the silver layer could rapidly become suuject to AQ attack,

particularly since the brittle AO layer will sutfer from large star-cracks.

6.1.5 Predictions and LDEF Comparisons

Using the models described above predictions (Ref. 10) have been done for the LDEF
satellite. Some seleeted results are shown in Figures 6-10 to 6-13. In general, it can be seen
that the existing models fit the experimental data within a factor of about 2 1o 3. Note that
the true LDEF RAM surface was accidentally set at 82 to the intended orientation (toward the
NOR'TH). This effect has been included by giving quotes nt: 352, 322, 292,....., degrees,

etc., rather than at (0, 30, 60,.....cte., for the 12 faces around the body.

These data are based primarily on crater counts, especially in the aluminum structure
of LDEF (longerons and intercostals), T is observed that for the smallest particles the crater
count asymptotes, whereas the Kessler debris model predicts a steady increase with decreasing
particle size. This effect may be due to the anodized coating on the aluminum. This alumina
coating is both tougher and of higher density than the metal. Consequently, the craters will
be smaller than in the metal and may artificially cause the roll-off. Other data, available from
the Interplanetary Dust Experiment (IDE) on LDEE, also provide information for the smaller
particles. These data indicate a higher flux than the aluminum crater count. It should also be
noted that the IDE data are for mean flux rates, whereas the actal time dependent IDE data
show dynamic variations in flux rates ranging from 0 to 1000 times the mean flux rate. The

IDE data also indicate that the many orbital particles are in elliptical orbits (again not

H-9




6.1. Spacecraft Microparticle Impact Flux Definition

predicted in the models) and that these particles are in clouds, thus causing the dynamic flux

rate variations.

6.1.e Caveats un the Microparticle Models

Many caveats should be applied to the existing models which define the microparticle
space flux environment. The present assumption that all debris orbits are purely circular
automatically forbids any cellision on either the SPACE-end or the EARTH-end. In reality,
many orbits must be slightly elliptical (due to random collisions and explosions) while others
are strongly elliptical (due to rocket exhaust products and explosions in Hohmann transfer
orbits) and, theretore, there will be a contribution to both SPACE-end and EARTH-end, and

additional hits on the TRAI..

For random debris orbits the self-collision rate per volume per time (causing yet more
fragunentation) 1s proportional to the square of the particle density per volume, to the mean
ceowesectional collisional area, and the mean collision specd. Thus, the small particle
pu,ilation should increase rapidly versus that for the larger sizes. Kessler is fully aware of
the implications and indicates that beyond a critical particle density (per volume) a "runaway”
siwntion occuss, with seli-collisions causing the population 10 grow even without further
space launches, Indeed, Kessler suggests that thix situation may have already occurred for the

Jelimis at altitudes of about 1000 and 1500 km, where air drag ctfects are negligible.

With rerard te the natural environment ot micrometeoroids, the biggest caveat
concerns the suggeatien that the particles are apparently geocentric. In reality, th's will only
be approximately true for lorig lived missions; particularly those that include a large number

of saterae orbits wgether with a large number of precessions of the spacecraft orbital plane.

Furthermore, it should be noted that in attempting to correlate the observations on LDEF
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versus the model predictions for the environment, the answers are sensitive 10 assumptions

with regard to crater sizes versus particle sizes.

Examination of the LDEF data reveals an interesting bias in the impact flux (Ref. 11):
the peak flux is NOT symmetrically distributed about the RAM dircction in the plane parallcl
to the Earth's surface (i.e., the two SIDES are not equal as expected). This effect cannot be
readily explained for man-made debris since the interception of a circular spacecraft orbit
with a circular debris orbit must necessarily involve two collisions per orbit (except for the
rare condition of "Kissing" orbits at apogee or perigee). These two states give synunetry
about the RAM axis, thereby causing the RAM direction to experience the greatest number of

hits.

One probable explanation lies with the micrometeoroids. In reality each interception

of a micrometeoroid orbit "tube™ with the Earth always results in the flux being "one-sided”
with respect to the Earth’s orbit. Either the flux is "inward bound” towards the sun, or it is
"outward bound” from the sun. Further, the flux appears to be monodirectional at the instant
of intereeption. Thus, the true "Earth-shiclding” is really simple ecliptic gcometric shadowing
for LEQO (i.e., NOT the subtended sohid angle of the Earth seen by the spacecraft). Thus. a
spaceeraft in LEO could be shiclded from the particles for almost a complete half orbit if the
plane of its orbit is close to that of the orbit of the micrometeoroids. The result can be a bias
such that one "halt™ of the spaceeraft experiences the impacts while the other half sees none.
The “half™ will include surfaces ranging from the RAM through SPACE round to the TRAIL,
with one SIDE receiving more impacts than the corresponding other SIDE, and the exact
surfaces involved will depend on the Tocal plane of the spacecraft orbit relative to that of the
micrometeoroids,  Note that the LDEL inclination of 28.5° together with the Earth's axial tilt
of 23.5” meant that, with orbital precession, the plane of LDEF's orbit oscillated between 5°

and 527 relative to the cecliptic, Th-re were about 38 complete orbital precessions during

LDELs tif~time (precession rate of about 6.59 per day) and about 32,000 complete orbits.
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Elliptical debris orbits can also sometimes introduce impact asymmetries, especially
for orbit planes which are at large angles to the target sateilite orbit plane, where it is possible

to have only one intersection point between the orbits.

6.1.7 Elliptical Orbits

Efforts have begun looking at ways to update the Kessler model for debris to allow for
inclusion of noncircular debris orbits. LDEF data demonstrates that such orbits exist since
several impacts of debris have been unambiguously identified on the TRAIL, surface (at least
15 percent of the total crater count). Kessler's (Refs. 12 and 13) preliminary analyses suggest
that the most probable source of this debris are orbits from Hohmann transfers out to GEQO
and with small inclinations (i.c., less than 30°). Currently the impact options for an assumed
group of debris orbits with small inclinations and with apogee at GEQ and various perigee
values down to 200 knvare being analyzed. The various impact options on the LDEF satellite
have been identified, and the analyses confirm that the major effect is to give 'TRATL impacts,
but also with a small contribution to the SPACE and EARTH surfaces, and a larger

contribution to the SIDES.

The purpose of this analysis is to allow assessment of the eftects of elliptical debris
orbits on any other satellite orbit, since the present Kessler analysis does not allow such facts
to be determined.  In particular, if the satellite were in a retrograde orbit (e.g., launched out
of Vandenberg to the north-west), then the elliptical orbit debris would add to the RAM

impacts, which would be at very high collision speed. Such facts need quantifying.

Figures 6-14 through 6-18 give the impact conditions for LDEF. Figure 6-14 shows
the coordinate system used. The RAM-TRAIL axis is Y, the SIDE-SIDIE axis is X, while the

SPACE-EARTIH axis is Z. Figure 6-15 shows the absolute impact speeds. The mmimum

corresponds to the case of the elliptical debris orbit which just "kisses” the LDEF orbit (ie.,

I
|
i
|
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has a perigee equal to LDEF's orbit radius). The parabola indicates the hits for all other
perigees down to 200 km. Figures 6-16 through 6-18 illustrate the components of the impact
velocity which are along the normal t the TRAIL, SPACE/EARTH, and SIDES surfaces,
respectively. Symmetry causes the two SIDE conditions to be identical. Likewise, the

SPACE and EARTH conditions are equal.

The calculations indicate that for LDEF the absolute impact speeds were up to
5.0 kmy/s, while the normal components of impact velocity were up to about 1.8 kim/s on the
TRAIL surface. The SPACE/EARTH surfaces involved only small velocities (0.3 km/s) and
the SIDE surfaces involved velocities up to 4.7 knys. These numbers are consistent with

recent quotes from Kessler (Fred Horz, NASA JSC, private communication).

Figures 6-19 through 6-22 show the corresponding results for a satellite in a different
orbit, namely an altitude of 1600 km and in¢lination of 60°. Note that these caiculations give
somewhat larger impact velocities (up to 8.5 kny/s absolute). The implication is that such
other satellite orbits will also suffer from debris impact damage on the TRAIL, SIDES, and
SPACE and EARTH surfaces, but also on the RAM surface. One importance of these
celliptical debris orbits is that they cause impacts on the EARTH surface. Such hits cannot
occur with the "standard" Kessler circular debris orbit model. Thus, ordinarily only
micrometeoroids can hit this surface (causing only a small increase in scatter due to the
Earth-shielding effect). The elliptical debris orbits intersect the circular target orbits at small
angles, namely up to 10.6° from the SPACE/EARTH surface plane for the LDEF aliwde, and
up to 22.6° for an altitude of 1600 km. Taking into account the vectors for velocities, this
results in impacts on the SPACE/EARTH surfaces which are at 50.2° from the surface normal

for the LLDEF altitude, and at 21.6° from the surface normal for the 1600 km altitude. Thus,

high-inclination, high-altitude orbits are most susceptible.
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Note that the reference to "maximum angle of hits in circular orbit” is the included
angle of the circular orbit of the target satellite where hits due to debris in elliptical orbits can

occur,

Elliptical orbit analysis is continuing in order to re-estimate the possible concerns for
EARTH-looking optics, which are frequently employed and ordinarily considered relatively
"safe” from impacts. The actual data from LDEF has not yet been scrutinized in detail (e.g.,
via chemical analysis) for the EARTH surface, so no comments can yet be made concerning

debris impacts on this surface,

6.2 ANALYSIS OF CRATER EFFECTS ON OPTICS

Impacts on optics can ¢cause simple pseudo-hemispherical craters (For Jductile metals),
or craters surrounded by conchoidal front-surtace spalls and sometimes radial "star” cracks
(brittle glasses and ceramics). For multilayer packages the impacts can also induce
delamination of the various layers. Note that real craters are rarely hemispherical, and the
ratio of depth to diameter wsually lies in the range of 0.3 10 0.7, New hypervelocity impact

scaling laws take these factors into account.

0.2.1 Fractional Area Damage

The many calculations 2ive predictions of cumulative mmpacts per area of surface
versus particle size and crater size, for a range of altimdes, orbit inclinations, and satellite
surtace orientations. To estimate the fractional damage areas, the cumulative impact- versus

size function is virst differentiated, then the function is meltiplied by the corresponding aeas

of the craters, and finally reintegrated.

[—
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2, Analysis of Crater Effects on Optics

For example, if the cumulative number (CN) = A / D" hits per area for partticles
greater than diameter D, with A a constant, and n the power index, then it can be shown that

the corresponding fractional arca damage is given by:

Fractional areca = (n /4) x k*x (n /(n 2)) x A/ D"?

where kK is the ratio of the crater diameter to the impactor diameter. For the case of small debris

(less than 1 ¢cm), n has the value of 2.5. The above equation can then be rewritten:

Fractional arca = (n / 4) X kl X5 x L"N(l)mln) X l)nn||2

The value depends on Dy, since nis greater than 2. To consider a specific case, we calenlate
the fractional area of erosion for the RAM surtace for the case of an altitude of 1000 km and
inclination of 60°. The existing models predict that such an orbit is one of the worst in terms
of combined micrometeoroid and debris impacts. For this case k ~ 7.0, Assuming that craters
of size down to about 1 pm are important (this is comparable 1o operating wavelengths, and the

thicknesses of quarter-wave dielectric optical layersy v.e obtain:

Fractional area = 7.3 a 10* | i.c., about 0.1 percent.

This 1s a significant amount of crosion and can be expected to produce significant optical scatter,
as discussed below. Note, however, that the LDEF data have indicated that the Kessler model
is tending to overpredict the debris population at the smaller sizes.  Consequently, the above
estimate is probably too large, by perhaps a factor of three (the enor would be much larger if
an attempt was made to include submicron debris particles). However, the above calculation is
only for man-made debris, and the micrometeoroids will also contribute, though to a smaller

degree.  Further, the above caleulation applics only to simple cratenng.  If the damage zone

includes surface spalling and/or radial cracks the effective area increases rapidly. LDEF itself
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indicated areal erosions of about 1 percent on the thermal control materials facing into the RAM,

6.2.2 Optical BRDF Scatter Calculations

The anticipated etfects of impact damage on optics include: (a) a reduction in reflectivity
(for mirrors), (b) a reduction in wansmission (for lenses and/or windows), and (¢) an increase in
optical scatter (for both mirrors and lenses/windows). Experiments by Mirtich (Ref. 9), whereby
metallic mirrors were impacted by small particles, demonstrated that reflectivity gradually
decreased as the total surfuce impact energy density increased (i.e., ergs/em? of the particle

kinctic energy).  Since the crater surfaces remain reflective, the decrease in reflectivity is

probably related to the surface roughening which gradually produces the equivalent effect of

producing a "light-trapping” baftle-like surface.  However, calculations of the corvesponding
energy flux expected for the micrometeoroids and space debris for even 10 year missions in LEQ
suggest this effect to be small. Reports by Mirtich of data frem space (Town mirrors with
missions up to 20 years (e.2., the SERT and OSO satellites) indicate very small reductions in
reflectivity (tess than 1 pereent) in agreement with the predictions. (Note that these mirrors are
non-recovered:  the dath are via telemetry and  consist of  canission/absorption  in-situ
measurements).  Thus, changes i reflectivity (or transmission) are expected o be small. The

major problem is increases in optical scatter.

Optical scatter produces three effects: (1) a reduction in light throughput, (2) a reduction

in resolution, and (3) a reduction in signal to noise due to background "light-up”. This ¢an occur

cither duc to light from bright sources (other than the required target) within the field of view,

or can oceur for bright sources nominally owside of the ficld of view it the light is redirected

into the optical train path. Of these three etfects item 3 is usually the one of greatest concern.
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6.2.2.1 Equivalent Contamination Approach

The computations to date indicate the cumulative hit .ate (per square meter) for an
assumed mission time of 6 years, starting in 1996, and show hits versus impactor diameters for
differing spacecraft surface orientations. These data are now augmented with information versus
crater sizes. From the latter it is possible to establish first-order estimates of increases in optical
scatter. This is done by determining the equivalent "contamination level™ as defined in MIL-STD
1240A. Young (Ref. 14) has already performed both experiments and computations (using Mic
optical scatter theory) to derive increases in BRDE as functions of contamination levels for small
particles on mirror surfaces.  Thus, by finding the "equivalent” conditions (assuming craters
scatter in a similar manner to spheres on a mirror) it is possible to derive the BRDI as functions

of wuvelength and cratering tor any chosen spacecraft surface.

Figure 6 23 illustrates the MIL-STD 1240A data plotted on the same scales as used for
the cumulative impacts (per arca) versus crater sizes, Note that cach "level” plot curves over as
the size decreases (rather like the behavior for micrometeoroids), and that this tendency to
asymptote is most obvious for the lower "levels”. For reference, note that the meaning of "level”
is that the distribution is one for which there is one particle per square foot of surface area (equal
to 10.76 per m*) of size "level” microns diameter (e.g., "200" means there is one particle/ft? of
diameter 200 pm). The data from Figure 6-23 are compared to cach of the impact-versus-crater
plots, and a mean estimate of ¢quivalent contaminant level is obtained.  Clearly, since the two
groups of data do not have the same power index, there is no unique solution. However, optical
scatter will be dominated by the larger craters, and so the "best” definition of equivalent "level”

is found by matching the data at the larger sizes.

As an example, consider the data for the RAM for 2a altitude of 1000 km and inclination
of 60°. The predictions for debris give about 10.76 impuacts/m? for craters of diameter about 0.1

cm (1000 pm), while for micrometeorouds the corresponding size is about (.06 ¢cm (600 pm).

Thus, the equivalent MIL-STD levels are about "1000" and "600", respectively. However, the
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predictions for cratering "slew” across the MIL-STD plots, such that for craters of size 10 pm
the corresponding "levels” are about "400" and "100", respectively.  Reference to the work of
Young allows peak BRDFE (units of sr'') values (near 0° off specular) to be estimated. For a
working wavelength of 5 pm these are:
For debris:
BRDFE (srh) = 10 ("level™ 1000) to 0.10 ("level” 400)

For micrometeoroids;

BRDF (sr') = 0.78 ("level™ 600) to 1.0 x 10* ("level” 100)
For the EARTH direction. however, the corresponding crater size is about 250 pm (level "250")
with o slew to fevel 50" for 1O pmcraters, and applies only to micrometeoroids (since Kessler's
maodel does not allow impacts on the Earth-facing surface). At § pm wavelength the
corresponding scatter is:
For micrometeoroids:

BRDE 9.8 x 107 ("level” 250) 10 3.1 x 10° ("level” 50)

Clearly. the RAM surtace suffers from far more scatter than does the EARTH surface,

Scrutiny of Young's data reveals that his results can be approximately fitted by:

BRDE =25 x 10" x (level)' / A

iC.OQ0.000....O0.0QQQQ.QO...‘....COCCO...‘..‘
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for near-specular scatter, with the wavelength (A) in microns. Note the rapid escalation in the

scatter as the "level” increases.

6.2.2.2 Alternative Analytic Approach

An alternative approach to estimating the scatter is as follows.  The fundamental

relationship for scatter from craters (assumed the same as from spheres) is:

BRDE =m? x D' x N/ 1oA?

where D is the crater diameter, N is the number of craters per unit area, and A is the operating
wavelength, By first differentiating the function describing the cumulative impact rate (per area),

multiplying by ', and re-integrating, we obtain the BRDE for the overall distribution.

Since both the micrometeoroid and debris cumulative impacts obey the form, cumulative
number = 1", the result is:

BRDE = 1 x (n/(4-n)) x k* x CN x D4/ 1oN?

inax max
where nis the power index desceribing the cumulative number of impacts versus particle size (in
the neighborhood of the vitlue of D, ), k is the ratio of crater diameter to particle diameter (1),

CN is the predicted cumulative hit rate, and A is the wavelength,

The above equation involves the quantity D, ., which is the largest particle diameter to
be used in the calculation. To determine the latter, the following logic is applied: if there is less
than one (1) impact on the given optic, then there is no longer a meaningful definition of N, the

arcal impact density.  Thus, knowing the arca of the optic, the corresponding hits per square
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meter are computed.  Referring to the predicted cumulative impact data versus particle size. the

value of D,,, is determined.
As an example, consider an optic of area 100 em?’. For one crater, there is an areal
density of 100 per m* (or 0.01 per em? ), thus, this defines CN,,,,,. For debris, n = 2.5 and k =

7.0 (for the RAM surface). Reference to the particle plots of impacts on the RAM surface for

the 1000 km, 60° orbit, gives the value D, = 70 pm for debris. For micrometeoroids, n = 3.0

and k = 3.8, leading 10 D,,,, = 70 pm also,
Substituting into the equation for scatter (at § pm wavelength), we obtain:
For debris:
BRDFE = 0.24
For niicrometeoroids:
BRDE = 0,037
For the EARTH looking surface, we have no= 2.7, k = 325, and D

= 25 pm, and only

niax

micrometeoroids apply. Thus, we obtain (for § pm wavelength):

BRDE =22 x 10*

‘Thus, once mare, the scatter for the RAM surface is much greater than for the EARTH surface.

Although none of the above quotes tor seatter can be considered precise. it is seen that

both approaches yield similar values (especially if the Targer "level” quotes are used), and both
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calculational methods suggest the scatter for the RAM surface is enormous compared to that for
the EARTH looking surface.

6.2.2.3 Mie Scatter Calculations

The most accurate procedure for caleulating optical scatter is to use the Mic scatter theory.
Mic scatter logic has been incorporated recently into the SPENV environmental code to
automatically integrate over the impactor/crater size distributions. The detailed analysis makes
use of studies done by Lowell David Lamb (Ref. 15) at the University ot Arizona, whose Ph.D.
thesis concerns IR scattering for small particles on substrates. The Mie calculations incorporate
the optical constants for the material and, thus, can handle both highly reflective and poorly
reflective conditions, "The results of the caleulations give values of BRDE versus off-specular
angle, with peak BRDIF values close 1o those estimated by the carlier methods for highly
reflective surfaces. ‘Phe BRDE data can be integrated over the 27 solid angle to give the

corresponding total integrated scatter (T18).
6.2.2.4 ‘Total Intergrated Scatter versus BRDF

The Mic scatter data of Young gives BRDE as a function of off-specular angle.
Inspection of these data reveals that the BRDE vapidly decreases over the range of 0 to 107, and
then follows a pseudo-exponential law for larger angles. To a reasonable approximation, the data
for farge angles (> 207) are given by:

BRDE = 54 x 10" x (level)® x expi-8.91 x 10 x degrees) / A

By integrating Young's data for BRDE versus off-specular angle over a 2n solid angle, the TIS

can be obtained. A simple graphical integration gives:
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TIS = 2.2 x 107 x BRDE0°), or TIS = 5.5 x 107" x (level)* / A?

with A in microns. Note that for BRDF (0°) > 43.5, this implies that the total scatter is greater
than the input, which is obviously nonsense.  The conclusion is that for the larger degrees of
scatter, the BRDFE versus angle data must change its form, versus the lower cases (Young only
presented data for contamination levels of 500 and below), Indeed, Mie scatter caleulations show
that as the craters (or particles) become larger, the scatter becomes ever-more forward scattered
into small angles. Thus, the small-angle peak BRDE values increase faster than the "wings” of
large angie scatter. Consequently, the TIS slowly asymptotes towards unity for very bad scatter,
while the peak BRDE continuously increases.  Thus, extrapolation of Young's data becomes
suspeet for large degrees of scatter. Clearly, the estimates of scatter for the RAM surface, quoted
above, are within this uncertain region. Figures 6-24 and 6-25 illustrate the relutionship between
TIS und peak BRDE for both moderate and large cases of scatter, as obtained from Mie-SPENV
code for space impacts. TIS is lincar with BRDE, for the moderate case, but is nonlinear for
large seatter. ‘The proportionality is almost identical to that deduced from the data of Young (i.c.,

TIS = 2.1 x 104 x peak BRDE) for the small scatter case.

All of the above presupposes that the optic behaves as if a metallic mirror with simple
hemispherical craters. o reality, many mirrors (or lenses) are made of dielectrics and employ
multiple thin layers (quarter-wave optical phasing logic).  These materials are nsually brittle.
Upon hyperveloeity impact, the damage consists of irregular craters with conchoidal surfaces,
surrounded by star-cracks which can extend up to about 100 times the size of the impacting
particle. ‘To assess the optical scatter for these conditions it will be necessary to invoke the
theory of dicleetric needles as done by Van de Hulst (Ref. 16). Present analysis indicates that
the cracks represent only a small total area compared to e craters and surface spalls. Further,
narrow cracks are inefticient scattering sites. Hence the preliminary conclusion is that the craters

and surface spalls dominate the optical scatter.
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6.2, Analysis of Crater Effects on Optics

6.2.2.5 General Comments on Scattering Predictions/Measurements

Thus far, all the analyses have presupposed that pseudo-hemispherical craters in an optical
surface scatter light in a similar manner to that for spherical particles on the surfuce. While Mic
scatter theory is exact for spherical particles it is very difficult to apply for nonspherical panticles,
because of the luck of symmetry i the boundary conditions.  Specifically, the issue of
"equivalence” between craters and particles hax not been demonstrated and presently remains a
first-order assumption.  However, it is probubly a reasonable assumption. Measurements of
optical scatter are notorious for their lack ol consistency, Measurements made using independent
HRDE or TIS instruments varely obtain identical results for a given sumple measurement, and the
disagreements can range from minor to significant. These variations can be a conseguence of
differences in the equipment optical beam diameters, differing detector sizes, beam power
fluctuations, detector sensitivity, ete, Since even measurements of seatler can be inconsistent,
it is most unlikely that predictions of scatter can ever e considered very accurate. Rather, all

such predictions should be viewed as indicating probable trends.

‘The predictions of scatter from craters are in addition to any other scatter mechanism,
whether due to actual contamination on the surface or due to surfuce morphology (¢.g., rms
roughness). Surlace roughness and/or small particle contamination usually gives wide large-angle
“wings” to the BRDIF data, whercas the Targer, fewer, craters tend to seatter mostly into smaller
angles close to specular reflection. Further, although standard optical scatter theory assumes that
BRDE is inversely proportional to the operaticnal wavelength squared, 1t is known that some
materials do not display this behavior, with beryllivm mirrors being an example (the observed
large-angle scatter reduces much slower than expected as the wavelength incereases due to a
complex, poorly understood, interaction of the anisotropic crystal surface morphology and the

optical skin depth).

[ astly, it should be emphasized that the present seatter predictions do not accurately

handle the case of cratering in thin-luver coated optics. The assumption at present is that for
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craters much deeper than the layer stack thickness only the substrate properties should be
included to predict scatter. This approach is incorrect for the many smaller craters with depths

comparable to the stack thicknesses.

6.2.3 Parametric Scatter Calculations

A parametric series of peak BRDF optical scatter predictions have been done for a series
of orbits ranging from 400 km to 2000 km altitude and with inclinations of 0, 30, and 60°. For
all these cases the mission time periods are 1996 to 2002, and the assumed operational
wavelength is 5.0 pm (BRDF varies with the inverse square of the wavelength), and the optic is
assumed to have an area of 100 cm?®. In addition, BRDF has been computed for the specific case
of LDEF. Figure 6-26 shows the results for LDEF. The data are given for the micrometeoroids
and debris independently and are plotted as a function of the angular position from RAM (0°)
in the plane parallel to the Earth’s surface (i.e., RAM, SIDES, and TRAIL). On the left vertical
axis are also plotted the scatter for the SPACE and EARTH facing surfaces. In all cases each

surface was assumed to have a full 2n view for impacts (i.e., no local telescope tube shielding).

For LDEF the predictions show that the micrometeoroids contribute the most to the
overall scatter. The data also clearly indicate the very small degree of optical scatter for the
EARTH looking surface. The scatter value for the SPACE looking surface is about 4.2x107 (per
steradian). The data demonstrate that for angles greater than about +/-35° from RAM the scatter
is always less than for the SPACE end, while for angles less than this the scatter is worse for the

near-RAM surfaces and peaks on that surface with a value of about 7.8x107%

Data were recently presented at the LDEF 2™ Symposium (San Diego, CA) by Linda
Dehainaut (Ref. 17) of BRDF measurements on bare fused silica samples. The observed values
ranged from 2.45x107 to about 3.85x 10 (near the impact sites), with a mean value of about 105,

These values are comparable to the peak ones computed for LDEF given here, if the low
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reflectivity of fused silica is taken into account. The exact optical scatter behavior of craters in
fused silica is not yet fully understood. The predictions essentially assume craters in a metallic
reflector, whereas fused silica has only about 4 percent reflectivity, and the scatter should scale
with the reflectivity, all other factors equal. For example, if the sample had a coefficient of
refraction of 1.0 (i.e., it wasn’t an optic) then scatter would be totally independent of surface

morphology, and obviously aiso 0.

Figures 6-27 through 6-38 show the predictions as functions of altitude and inclination
for nonshielded optics. As the altitude increases, the debris scatter increases rapidly up to the
800 -1000 km range (where debris dominates toward the RAM), and then gradually decreases
for higher altitudes. However, there is a local peak in the debris at about 1500 km. The debris-
induced scatter is always worse for the higher inclinations. The scatter due to micrometeoroids
is independent of orbit inclination and slowly increases with altitude (below 2000 km). The
SPACE surface suffers from a constant degree of scattering independent of both inclination and
altitude. There is a very large range of predicted peak BRDF values, from a high of 0.56 (800
km, 60°, RAM) to a low of 0.072 (400 km, 0°, RAM).

Figures 6-39 through 6-41 show the predictions for some options which include telescope
shrouds, for the cases of 30, 60 and 80° of "exclusion angle"” for an orbit at 1600 km and 60°
inclination. The "exclusion angle" is the angle measured from the surface of the optic which

prevents direct impacts on the optic due to the telescope wall.

For a circular optic of 100 ¢cm?, the diameter is 11.28 cm (4.44 inch). Thus, for exclusion
angles of 30, 60, and 80° the telescope wall must have a length of 6.51, 19.54, and 64 cm,

respectively.

Note the odd trend of the data as the exclusion angle increases. While the

micrometeoroid-induced scatter merely decreases monotonically versus this angle, the debris-

induced scatter is observed to drop rapidly for the RAM and to display a local peak at about 20°
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off-RAM. The explanation for this behavior lies in the "butterfly” plois for the polar diagram
of Jdebris flux versus the spacecraft velocity vector. The Kessler model predicts that the debris
approaches the RAM surface in the form of two off-RAM lobes. When the exclusion angle is
small (i.e., we have 2 viewing), the impacts on the surface involve an integral over both the
lobes. However, when this angle is large (viewing angle small) the telescope effectively
differentiates the lobes. Thus, the "hole" in the RAM direction reveals itself, and the peak scatter

corresponds to the optic looking directly into one of the lobes.

As can be seen, the use of telescope shrouding can dramatically reduce the scatter
predictions provided a sufficiently large exclusion angle is involved. For a 30° exclusion angle,
the RAM BRDF is only reduced from 0.24 to 0.20; for a 60° exclusion angle the reduction is
from 0.24 to 0.013; while for an 80° exclusion angle the reduction is from 0.24 to 9x10? (at 20°
off-RAM), all for the same orbit of 600 km altitude and 60° inclination. However, the use of
a large exclusion angle implies a reduced field of regard for the optic. Hence to overcome the
latter it would be necessary to maneuver the entire telescope tube. Systems which rely on pan-tilt
mirrors cannot use large exclusion angles, else the field of view would include looking "at" the

telescope tube itself.

The use of "exclusion angles” in this manner addresses only the case of direct impacts
on an optic. However, it is possible to have indirect hits. For example, an impactor could hit
the inside of the telescope tube (including a baffle) and cause secondary ejecta to hit the optic.
Likewise, for a thin-walled tube an impactor could completely perforate the wall and again
generate ejecta. If the "target" material is one which produces copious secondary debris (e.g.,
Martin Black is notorious for this effect, releasing many micron-sized surface particles when
subject to mechanical shock) then it is possible for this debris to again cause at least a
contamination problem on the optic (this debris is mostly of low velocity and thus unlikely to

cause much in the way of actual crater damage). However, most targets do not produce such

debris: rather they merely throw off material in the "normal” manner of impact cratering. In the
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latter case the resulting blow-off is usually of smaller sizes than the original impactor, although

the total mass is larger than the impactor.

The previously used logic for optical scatter indicates that scatter increases with the fourth
(4™ power of the particle diameter. Thus, for a given mass, the scatter will be low provided the

mean particle size is much smaller than the original impactor. This follows immediately from:
BRDF = constant x N x D, and M = constant x N x D*
Thus,
BRDF = constant x M**/N'"?

where M is the total mass and N is the number of particles. Hence for a given mass of blow-off
the scatter decreases as the number of individual particles involved increases. Thus, under most
circumstances, it is anticipated that secondary ejecta optical scattering is less important than that

due to the (initial) direct impacts.

6.3 CONCLUSIONS FOR M&D IMPACT EFFECTS ON OF 1C

The present conclusions are that the major effect of M&D impacts on optics is to produce
an increase in scatter, but only minor changes in reflectivity and/or transmission. The scatter
increases as the impact crater sizes increase and as the areal density of impacts increases. The
effect is nonlinear with the size of the optic. The larger the optic the more likely a large crater
will occur resulting in more induced scatter for the large optic. Also the increase in scatter is
nonlinear with mission time. As time increases, the probability of an impact by a larger particle
also increases, which causes the optical scatter to increase in a supralinear manner. The scatter

is dominated by crater formation rather than by crack generation. Soft targets (e.g., metals and
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plastics) will produce the largest craters. Hard targets (glasses and ceramics) produce smaller
pure craters; however, these craters are frequently surrounded by larger surface spalls giving the
effect of larger shallow craters. Multilayer optics can also suffer from delamination effects
around the impact sites, which produce large local changes in reflectivity or transmission and

scatter.

The degree of scatter depends on the orbit (altitude, inclination and time) and on the
pointing direction. RAM is usually the worst direction to point while EARTH is usually the best

(safest) direction.

The use of telescope shrouding can significanily reduce the scatter provided the angle for

entry of particles is small. This is at the expense of the optical field of regard.

Experiments have been performed (Ref. 18) to compare¢ impact damage in optics with the
induced scatter. These data are being compared with both theory and the results from LDEF.
The HYPER plasma-drag gun was used at Auburn University, Alabama, to throw particles at
various optics. Optical scatter measurements also are being performed. Three types of samples
(1 inch diameter) were used: aluminum (2000 A) coated fused silica, SisN,

(600 A) coated aluminum, and a 15-layer quarter-wave (tuned to 1.06 nm) stack of alternating
Si;N, and SiO, layers on a fused silica substrate. The impactors were olivine and alumina of
sizes 50 - 100 pm diameter, and the impact speeds were in the range of 8 - 12 km/s. On

average, there were about 10 impacts per sample.

Control samples were placed in the HYPER facility, but without firing any particles, to
check for overall background contamination. Pre- versus post-test neasurements of TIS indicated
no large contamination problems (e.g., at levels of TIS < 0.01). For the impacted samples the
increase in TIS was significant, increasing by factors of 10x to 100x. Post-test analysis of
specific samples using the Mie-SPENV code for the known craters (numbers and sizes) gave

predictions within factors of about 5 those measured. This work is ongoing and will be
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completed by the end of 1993. Comparisons with the LDEF data are still in progress, and will
be completed as part of this work.

3
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Figure 6-1: Expected Number of Fragments From the Breakup of a 140Ckg satellite
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Figure 6-4: Kessier f(v) Function (60°)
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Figure 6-5: Craters Versus Impacts
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Figure 6-9: Ratio Crater/Particle Diameter vs Angle from RAM for Micrometeoroids
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Figure 6-10: Comparison of crater diameters to number of craters per square meter.
Data collected from the LDEF intercostals and rows. 352 Degrees from RAM Direction
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Figure 6-12: Comparison of crater diameters to number of craters per square meter.
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Comparison of LDEF Data to Model Predictions
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Figure 6-13: Comparison of crater diameters to number of craters per square meter.
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Figure 6-15: Apparent Impact Velocity of Elliptic orbits with a Circular orbit at 475 Km
Inclined at 28.5° Maximum angle of hits in circular orbit; 51.375.
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Figure 6-16: Y-Component of Impact Velocity of Elliptic orbits with a Circular orbit at 475
Km Inclined at 28.5° Maximum angle of hits in circular orbit: 51.375.
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Figure 6-17: X-Component of Impact Velocity of Elliptic orbits with a Circular orbit at 475
Km Inclined at 28.5° Maximum angle of hits in circular orbit: 51.375.

Figure 6-18: Z-Component of Impact Velocity of Elliptic orbits with a Circular orbit at 475
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CHAPTER 7
SPACE EFFECTS ON FIBER OPTIC SYSTEMS AND
COMPONENTS ORBITED ON THE LDEF

With the rapid developmeat of photonics technology devices during the past few
decades and a plethora of lightwave systems emerging, certain fundamental issues remain
regarding the applicability of the technology to the rigors of the space environment. Some
facets of photonic technologies have recently been successfully demonstrated in space. For
example, the first demonstration of the capability of active FO systems to operate in a
prolonged space orbit was achieved with the Phillips Laboratory Fiber Optics Space
Demonstration, Experiment #701 "Space Environment Effects on Fiber Optic Systems.”
Deliberate and prolonged orbital exposure of the experiment’s four operating fiber optic data
transmission systems aboard NASA’s Long Duration Exposure Facility (LDEF) proved
conclusively that early 1980’s era fiber optic systems could successfully withstand adverse
space environmental effects. These effects included wide and frequent temperature cycling,
AO scavenging, exposure to UV radiation, micrometecrite and debris impactors, and space
radiation doses ranging to 25 krad (Si). Figure 7-10 shows the condition of the experiment

shortly after LDEF recovery.

Recovered by the shuttle Columbia in December 1990, the optical fiber systems aboard
PL Exp #701 continue to function to this date. Future space demonstrations of fiber and
other photonic technologies will be concerned with incorporating much of the knowledge
learned from this key experiment’s active and passive fiber optic technologies. The content
cf this chapter will briefly summarize the lessons learned and data gathered from PL
Exp #701 and other LDEF-orbited experiments conducted by: Georgia Tech Research
Institute; Jet Propulsion Laboratory; the Boeing Co.; and other DoD organizations.

Information regarding the results of analyscs of Experiment A0138-7, "Optical Fibers and

Components,” has not been made available. For completeness, this experiment by

CERT/ONERA-DERTS has been included in Table 7-1, but not discussed within this chapter.
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7, Space Effects on Fiber Optic Systems and Coriponents Orbited on the LDEF

Throughout this handbook, reference is made to the various space-induced adverse
environments, including temperature and radiation effects. Valuable detail can be found in
Chapters 3 through 5 regarding solar-induced effects, AO effects, and micrometeorite arid
debris impactor phenomena. The optical fiber systems and components aboard the LDEF
experienced a wide variety of space environmental effects because of their different locations
and shielding geometries. Table 7-1 briefly summaiizes some of the measurements achieved
in the FO experiments. While this table is rather brief, it illustrates that the early
demonstration of fiber optic systems, subsystems, and components in prolonged LEO were
divided into several categories regarding operational parameters and space exposure
geometries. These included aciive systems (M0004 and M0003-8) and passive sy<tems and
components (M0004, S0109, S0050, M0006 and A0138-7). Not all of the expert  .is nor all
of the experimental components were space exposed. For example, only the active cabled FO
links were space-exposed on the M00O4 Experiment, while the light emitting diodes (LEDs),
PIN photo diodes (PINs), and connectors used to power the experiment were contained within
the shielded tray volume. Similarly, Experiment S0109 contained no sources or detectors to -
actively drive the space exposed cabled optical fibers of this experiment. A second active
experiment (M0003-8) by the Boeing Co. studied single and multi-contact connectors, but was
not space-exposed since the experiment was shielded from the direct space environment.

Only a few of the many passive components contained on Experiment S0050 were directly

exposed to the space environment, while on Experiment M0006, a bundle of 1800 passive

optical fibers was space-exposed over a period of approximately 11 months.

10000000000000000000000000000000000000000000.
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7.1 EXPERIMENTAL CONFIGURATIONS AND FIBER OPTIC SYSTEMS
AND COMPONENT EXPOSURES TO THE SPACE ENVIRONMENT

7.1.1 PL Experiment #701 (M0004) - Space Environmental Effects on Fiber Optic
Systems

The discussion of PL EXP #701°s performance aboard the LDEF mission is perhaps the
most complete knowiedge to date of the space performance of several types of different
optical fibers in an operational system configuration. As an example of the FO technologies

studied aboard LDEF, the data resulting from this active experiment will be highlighted.

PL Exp #701 was designed as a feasibility demonstration for FO technology in space
applications, and to study the performance of operating fiber systems exposed to space
environmental factors such as galactic radiation and wide temperature cycling. Four active
digital FO links were directly exposed to the space environment for a period of 2,114 days.
The links were situated aboard the LDEF with the cabled, single fiber windings atop an 1
experimental tray containing instrumentation for exercising the experiment while in orbit.
Despite the unplanned and prolonged exposure to trapped and galactic radiation, wide
temperature extremes, AQ interactions, and micrometeorite and debris impacts, in most
instances, the optical data links performed well within the experimental limits. Analysis of
the recorded orbital data clearly indicates that fiber optic applications in space will meet with
success. Tests and analysis of the experiment at the PL’s Photonics Research Group are
continuing. This is the first known and extensive database of active FO link performance
during prolonged space exposure. PL Exp #701 is widely acknowledged as a benchmark
accomplishment that clearly demonstrates, for tlie first time, that FO technology can be

successfully used in a vancty of space applications.
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7.1.1.1. Optical Transmission Measurements

Following orbital deployment by the shuttle Challenger, the experiment was activated
and performed the first of its scheduled 76 optical data transmission measurements (Refs. 1,
2, and 3) for the planned year in orbit. Thirty measurements were performed in the first
6 months at intervals of 6 days, while the remaining 46 measurements were performed at 4-
day intervals over the second half of the year. Shown in Figure 7-1 is a block diagram of

measurement <ircuitry. Figure 7-2 illustrates a portion of the electronic/optoelectronic layout.

Two basic tests were conducted on each space exposed FO link by the circuitry as
represented in Figure 7-1 . The first of these tests was designed to measure the signal
strength and, hence, Signal-to-Noise Ratio (SNR), of each digital FO link. This test is
referred to as a "Burst Error Run." A 10-bit pseudo-random generator was used to generate a
digital stream of "data" for the measurements. The receivers were AC coupled and the data
were bipolar, non-return-to-zero (NRZ) format. The experiment used a model developed by

Gilbert (Ref. 4) to examine the bit stream for errors.

In the SNR measurements, the voltage from the optical receivers was compared to a
"threshold voltage.” A high-speed comparator used this threshold voltage to decide if the
signai from the optical receivers was a logical "1" or a logical "0." Initially, the error
counters were cleared, the threshold was set to zero volts, and a "packet” of 130,944 bits was
passed through the FO link. The data stream from the optical receivers were compared to a
reference signal from the pseudo-random generator. If there were less than 128 independent
(Type I in the Gilbert model) errors in the data passed through the FO link, the experiments
incremented the threshold voltage by 1.25 mV. The error counters were subsequently reset to
zero, and another packet of 130,944 bits was passed through the link, and error measurements
were made again. This process continued until at least 128 independent errors were detected

in a packet of 130,944 bits. At that point, the experiment recorded into RAM the values of

the error counters and the number of times that the threshold voltage was incremented. The
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experiment then conducted the SNR measurements on the next link in the sequence, until all

four links had been examined.

Following the SNR measurements, the experiment began the burst error runs. In this
mode, the threshold voltage at the comparator was held constant at 0 volts. Since the
receivers were AC coupled, 0 volts was the optimal threshold for the system. That is, for any
given signal strength, 0 volts was a threshold and would have resulted in the fewest possible
errors in the data stream. The error counters were reset to 0 at the beginning of the BER for
each FO link, but they were not cleared between successive packets of 130,944 bits. With
zero volts as the threshold, a packet of 130,944 bits was passed throagn the link. If less than
128 independent errors accumulated, the experiment passed another 130,944-bit packet
through the FO link. The process continued until either 128 (or more) independent errors
accumulated, or a total of 10° bits had been passed through the link. When either of these
conditions was met, the experiment recorded into RAM the values of the error counters and
the number of bit packets that had been passed through the link. The BER measurement was

then conducted on the next FO link in the sequence, until all four links had been examined.

After the BER measurements, the experiment transferred the data stored in RAM to the
Experiment Power and Data System (EPDS). The EPDS gave the data a "time stamp" and
recorded the data to magnetic tape. Both the Data Processor Control Assembly (DPCA) and
the Magnetic Tape Memory (MTM) units of the EPDS functioned properly during the entire

mission and bave continued to work in post-flight testing.

7.1.1.2. In Orbit Temperature Cycling Measurements

Prior to performing the SNR and BER measurements, the experiment controller directed
the measurement of temperatures at eight thermistor locations within the experiment tray

volume (Fig. 7-3). These temperatures were valuable in studying the optical fiber
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performance. Hcwever, it must be realized that the temperature measurements were made at
the very beginning of the four FO link performance runs. Therefore, as much as 30 minutes

could have elapsed between the temperature measurements and the last BER rmeasurement.

The time stamp assigned to each experiment reflected the ~nd of that data taking
period. By examining the performance of each link, it was possible to determine the total
time elapsed for completing the entire experiment run. If a link was greatly degraded in
performance for a particular run, then the time required to evaluate the link was significantly

reduced. The experiment controller would then proceed to examine the next link.

Therefore, under this scenario, the maximum time required to fully sequence each of
the four links was less than 31 minutes, bringing the temperature measurements in time
proximity with the link performance measurements. Thus, the temperature gradient, or
change, was minimized for the special case where a link was highly degraded in performance

and the data run was truncated.

Discerning the orbital beta-angle (Ref. 5) during the periods of experiment operation
was very important, since the temperature variations can be accounted for and correlated to
the on-board PL Exp #701 thermistor measurements. Since the LDEF orbital period was
approximately 94 minutes, the actual tray temperature may have changed significantly during
many of the data runs. For example, the experiment could have passed from the daytime
space exposure condition to the daytime sun exposure condition, or vice-versa, or other
variations, in the 30-minute sequencing interval, changing conditions under which the link

measurements were performed.

Therefore, the results reported herein must be qualified due to these possible transient
conditions. An accounting and correlation between LDEF thermal data (Refs. S and 6) and

the PL Exp #701 thermistor measured data was performed and Figure 7-4 illustrates a partial
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analysis of this situation, while Tables 7-2 and 7-3 give the typical temperatures and

thermistor locations recorded for the inner tray volume.

7.1.1.3. Brief Analysis of On-Orbit Recorded Optical Fiber Transmission Data

Shown in Figures 7-5, 7-6, 7-7, and 7-8 are the performance data for the four FO links
described in Tahle 7-4. The data indicate that links #3 and #4 experienced approximately 1.0
Db and 0.2 Db deviation, respectively, in SNR measurements during the first year in orbit.
The reduction of SNR data in links #1 and #2 is also shown.

An example of cabling influence resulting in these responses and on the ability of
optical fibers to perform in space can be seen in Figures 7-6 and 7-7. Here, two identical
plastic-coated silica fibers were cabled using different technologies that were available at the
time that the experiment was designed. FO link #2 used a loose-tube configuration, which
theoretically allowed a fiber encased by the loose tube to experience a greater degree of
freedom than that of a tightly wrapped fiber, such as found in FO link #3. The intent in the
loose-tube configuration was to lessen micro- and macro-bending losses induced by cabling
restrictions or flexing. However, the data indicated the conformal fiber performance far

exceeded that of the loose-tube configuration.

7.1.1.4. On-Orbit Radiation Dosimeter Measurements

Another objective of PL. Exp #701 involved the study of the trapped and galactic
radiation effects on the four space exposed FO link performance. Several studies have been
conducted on LDEF received doses (E. V. Benton, Analysis of Dosimeters Aboard LDEF Exp
MO0004, 26 Jun 90 and 29 Aug 90 - Unpublished reports). The selection of optical fibers

over the period 1978-1982, for inclusion in the experiment, was basea upon the best known
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technology at the time of the experiment fabrication, and on the results of radiation sensitivity

experiments that were performed (Refs. 7-11) on a variety of candidate and PL. Exp #701
optical fibers. Table 7-5 contains a listing of the space exposed fibers and a short description

of their characteristics.

In order to measure the accumulated dose and spectrum of the space radiation
environment, both thermo-luminescent dosimeters (TLDs) and plastic nuclear-track detectors
(PNTDs) were located within the experimental tray volurne. This inclusion of the detectors
on PL Exp #701 constituted a cooperative arrangement between the University of
San Francisco and the PL Exp #701 project office. Comparisons of the radiation dose

received by PL. Exp #701 and other experiment can be found elsewhere (Ref. 12).

The TLDs and PNTDs were enclosed in a sealed container and co-located within the
EPDS shielded volume (Fig. 7-9). Each was mounted on a separate 45° wedge, with their
inclined surfaces facing 90° with respect to each other. This orientation was chosen to
optimize the various shielding directions experienced within, and exterior to, the tray volume.
A complete description of the composition of the TLD and PNTD materials may be fcund

elsewhere.

The results of an interim analysis based on a 1-D shielding model indicated that the
space exposed optical fibers experienced a total dose varying from 238 rad(Si), to
25 Krad(Si), depending on shielding provided by the fiber cabling materials and hold down
clamps. ‘The analysis accounts for boundary conditions of lightly shielded fibers (typically
0.01 to 0.05 g/em®) to substantial shielded portions of the fiber, particularly those portions
under the hold-down clamps (1.06 g/cm? Fig. 7-10). The fiber doses resulted primarily from
geomagnetically-trapped electrons, since the galactic cosmic ray contribution was estimated to
constitute (Ref. 12) approximately 1 to 3 percent of the trapped proton dose at typical

shielding (greater than 1 g/em?). Therefore, for a shielding of less than 1.0 g/em?® , trapped
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electrons dominate the surface-absorbed dose (Ref. 12). Shown in Table 7-5 is an analysis

performed for predicting ranges of doses experienced by the FO links.

While the optical fiber links were calculated to have received a substantial dose over
the 2,114 days in orbit, no direct evidence of permanent induced radiation damage has been
observed to date. As may be seen in Figure 7-4, the external tray temperature - extrapolated
from the internal measurements and calibrations - ranged from approximately +57° C to
-29° C. The fibers orbited in this experiment were known to possess good radiation
annealing properties, enhanced by elevated iemperatures. Optical power levels present in the
fiber links during the first year in orbit (typically 30 pW) would have significantly contributed
to any photo-induced annealing (photo-bleaching). The one notable exception to this early
prediction involves Fiber Link #1. However, while radiation induced damage is not ruled out,
more probable causes for the observed losses include micro- and macro-bending effects, fiber
pistoning, and/or connector caused misalignments. All of these effects can be explained by

temperature dependence and are currently under investigation.

Thus, as a result of this early analysis, it is concluded that no permanent effects due to
space-induced radiation occurred in the external FO links. The same rationale may be used to
predict any expected radiation damage for the passive fiters within the tray volume, and also
the light-emitting diode sources and the pin photodiode detectors tall currently under
investigation). The doses received by these components are currently being correlated with
the TLD and PNTD calibrations. For example, an interim analysis (E. V. Benton, Analysis of
Dosimeters Aboard LDEF Exp M0004, 26 Jun 90 and 29 Aug 90, Unpublished Reports)
determined that the experiment tray shielding (minimum of 2.4 g/cm?) resulted in a high LET
data of 0.88 mrad(si)/day (total dose of 1.86 rad(Si)) with measured integral flux of 3.6 x 10*
cm? st sr! (for LET Si 2 50 MeV cm? g'). The TLD doses varied from 100 times to 125
times the LET dose, or 186 - 233 rad(Si). The FO components used in the experiment would

not have been expected to be affected at these levels since they were pretested prior to launch
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at 200 krad(Si) to 1 Mrad(Si) levels and showed little (approximately 0.6 Db) permanent

damage.

7.1.1.5. On-Orbit Micro-Meteorite and Debris Impacts

Shown in Figure 7-11 is a photograph of one section of the experiments’ surface. This
surface, which provided shielding for the EPDS, measured 0.41 m x 0.91 m and was
composed of a 1 mm thick aluminum alloy (6061-T6) and was painted with Chemglaze
(A276). This coated protective sheet (PS) and a thermal fiberglass cover coated with
aluminized Mylar provided additional protection to the shielded EPDS, MTM, DPCA, and
dosimeters immediately below. As may be seen in Figure 7-12, the impactors on the EPDS
protective cover were tallied and compared to impactors experienced by the Solar Max
satellite during its 4-year stay in orbit (Ref. 13). While both satellites were in low-inclination
orbits, tiney experienced different periods of solar activity (Solar Max: 1980 - 1985; LDEF:
1984 -1990). This may account for the differences in flux values. A tally of the number of
large craters (>300 pm) and small craters (>100 pm) yielded 29 large and 264 small. A more
detailed accounting of analyses performed on impactor chemical composition, directionality of

impacts, and other related effects can be found in recently published data (Ref. 14),

Figures 7-13 and 7-14 illustrate some typical impactor sites experienced by the space-
exposed optical fiber cables and surrounding materials. Evident in Figure 7-15, is a classic
impactor region on a fiber link faceplate. Protective materials between the exterior cabling
and the single element optical fiber can be seen protruding from the outermost cabling in
Figure 7-13. However, this optical fiber still continues to function correctly, since it was not

severed by the impactor.

Figure 7-16 is a photographic close-up of the impactor site on Link #4. Notice there is

no evidence of any optical fiber damage, although the cabling and protective jacketing
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materials are damaged. Our analysis and testing of this particular link revealed that the single
fiber within the cabling was indeed broken by an impactor. In order to detect the breakage,
two investigative methods were used since normal microscopy and IR detection methods

employed at KSC did not ascertain any breakage.

The first method consisted of passing continuous visible laser light (A=6328 A) through
the transmitter end of the fiber. This allowed a very small amount of scattered light to
penetrate or scatter through the Kevlar strength members and Hytrel jacketing and be
observed. Under normal link operating conditions, light of a wavelength of 830 nm is present
for approximately 26 ms, making detection of any low-level short-duration scattered light
difficult.

The second investigative scheme involved an optical time-domain reflectometer
(OTDR) measurement. Figure 7-17 illustrates that the impactor caused breakage at a distance
of 18.9 m from the optical transmitter end, or 27.4 m from the receiver end. The sum of
these distances measured to the impactor site agreed within OTDR error to the link length, 48
m. It is estimated that this breakage occurred between day 365 and day 2,114 in orpit. Prior
to the 365th day, this particular link performed in an excellent manner, as recorded in the

orbital data tape, testifying to the applicability of fiber optics in space.

Thus, despite numerous micrometeorite and space debris impacts experienced by the
cabled fibers and experiment surfaces, only a single optical fiber was observed to be severed
over the 2,115 days in orbit. This event occurred after the scheduled data acquisition portion

of the mission was completed.

Perhaps the most profound conclusion that may be drawn from the PL Exp #701
performance is that the 1978 - 1980 era FO technology orbited operated excellently, and that

newer and improved FO technology should perform in a superior manner.
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This experiment demonstrated for the first time, under deliberate space exposure and
over an unscheduled extended time period, that well-designed FO systems can survive and

perform in the space environment.

7.1.2 Experiment S0109 - Space Exposure of Fiber Optic Cables

This passive experiment contained 10 fiber optic cable samples, 4 of which were space-
exposed with the remaining 6 within a shielded volume. The space exposed cabling
surrounding the fibers experienced similar UV radiation or aging effects, as discussed earlier
in detail for the MOOO4 Experiment. Early examination of the cabled fiber responses to
temperature following the LDEF recovery first revealed that no measurable changes in
performance were observed. In a later report up to 10 Db/km excess loss over the -55° to
+70° C range was reported in the majority of cabled fibers tested following the orbit and was
believed to be due to more than one mechanism, but not identified. Several techniques were
employed in baselining any fiber intrinsic loss increases following the orbital exposure. Not
all fibers were baselined using a common technique and it was reported that long-term
damage - residual losses did exist. These data were later explored again, drawing
comparisons between recently irradiated samples of the various fiber types and the orbited
fibers. Other effects, such as contamination to unprotected fiber connectors located within the
tray volume, have also been observed. There was no positive indication from direct
measurements on these flight connectors that (any) significant loss can be attributed to
contamination. A more-complete description of the post-orbit analyses of this passive

experiment can be found elsewhere (Ref. 12).
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7.1.3 M0003-8 Fiber Optic Experiment

This experiment was an active experiment orbited on the LDEF. It was a
sub-experiment of M0003, "Space Environment Effects on Spacecraft Materials.” The
purpose of the M0003-8 Experiment was to gather data on the stability of fiber optic multi-
contact connectors (Hughes 20 contact C-21 series connectors, which accommodate size #16
fiber optic termini). As shown in Figure 7-18, the cxperiment was operated at a wavelength
of 905 nm, and the data was recorded over approximately 111 2-hour periods with 32

recordings per period during the first 400-plus days of the flight (the data ran out of tape).

An extensive discussion of the data recorded aboard this LDEF experiment can be
reviewed elsewhere (Refs. 14 and 15). However, post-orbit tests were compared to previously
recorded pre-orbit measurements and resulted in the conclusion that the FO components and
in particular, the connectors studied, experienced no degradation following the LDEF
recovery. In essence, no fiber pistoning, or connector degradation due to radiation and other
space environmental effects were noted. The lack of radiation effects on the optical fibers is
easily explainable since the lengths used were very short (1/2 and 2 meters). The total
system performance variation since the experiment was fabricated and tested in 1978 was
measured to be a plus (+) 0.2 Db increase experienced during the LDEF orbit, following
orbital recovery (Nov 1990). The experiment tested the same as it did in 1978. The principal
investigator concluded that the experiment operated in a relatively benign environment and
was designed to perform reliably, which it did, experiencing little or no degradation in the
LDEF orbit.

7.1.4 Experiment S0050 - Optical System Components

This passive experiment contained both shielded and exposed electro-optic and FO

components, Individual components were mounted on aluminum subpanels which were
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covered by a thin aluminum sunshade, with several components left unshielded. Table 7-6
lists the EO components orbited, while Table 7-7 presents data reported for an EO modulator.
Figure 7-19 depicts the performance of a GaAsP LED orbited aboard the LDEF with that of a
stored diode of the same type, showing that the diodes reproduced their original
characteristics. Similarly, the EO modulator data shown in Table 7-7 showed no measurable
changes in optical transmission. The half-wave voltage and roll-off frequency can be
observed to be within experimental errors. Other non-fiber optic technology based
components (optical filters, paints) were included in this experiment, and the reader is referred
elsewhere. (Note: Data on other detectors, lasers, etc., as shown in Table 7-6 were not
reported at the time of this writing.) The principal investigator concluded that the changes
noted in the retested components (following the LDEF recovery) appear as much related to
the passage of time as to the effects of the space environment, but that organic materials,
multilayer optical interference filters, and extreme IR reflectivity of black paints have shown

unexpected changes.

7.1.5 Experiment M0006 - Space Orbited Fiber Optic Bundle

This experiment was a subset of the M0006 "Space Environment Effects Experiment.”
The post-orbit analysis of the FO bundle (Table 7-8) included investigation of the attenuation
of optical signal transmission, numerical aperture, and fiber spectral responses over a wide
wavelength range. The measurements were performed in a sequenced manner or hierarchy in
order to determine if the optical fibers experienced any space - -diation-induced attenuation,
The cable bundle contained 1800 individual fibers which were oriented 40° distant from the
trailing edge of the LDEF. Exposure to the space environment occurred over the period 21
Apr 84 through 15 Mar 85. As shown in Table 7-9, attenuation measurements were in a
sequenced manner or hicrarchy in order to prevent the inadvertent annealing or

photobleaching of any space-induced permanent attenuation in the fiber bundle. By

performing measurements at longer wavelengths and relatively low optical powers, the
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activation of photobleaching is minimized or avoided. Figure 7-20 illustrates a typical
spectrophotometric scan showing little deviation between the control and the space orbited
bundle of fibers. The detailed results of this investigation can be found elsewhere (Refs. 12
and 14). It was concluded that photobleaching of suspected space-induced radiation color
centers did not occur. Due to the extremely short length of the cabled bundle of fibers

(61.7 cm), the accuracy of the attenuation measurements was determined to be +/- 0.14 dB/m,
a value far greater than any expected space-radiation induced losses. It was conciuded that if
any permanent attenuation was experienced by the bundle while in orbit, it was less than

0.14 dB/m. This was also supported by other measurements such as numerical aperture
(N.A). Far-field measurements were performed using a Fourier transforming and relay lens
system to measure the N.A. The acceptance angles were determined to be 62.8° +/- 2.5° for
the control bundle, resulting in an N.A. of 0.52 +/- 0.02. The orbited bundle measurements
resulted in an acceptance angle of 64.7° +/- 2.5° and an N.A. of 54 +/- 0.02. These and other
measurements covered in greater detail within the cited literature indicated that little, if any,

adverse effects were experienced by cabled optical fiber bundle in LEO.

7.2 CONCLUSIONS

The general conclusions that may be drawn from the summary of LDEF FO

experiments presented in this chapter are as follows:

. FO technology is mature for space applications, providing a judicious choice of

space worthy components is made.

. Very little radiation-induced permanent damage (if any) was observed to directly

degrade the optical fibers and shielded optoelectronic components composing the
FO systems aboard the LDEF in LEO.




7.2, Conclusions

J Temperature cycling and temperature extremes can degrade certain optical fibers.
Care must be taken to choose temperature insensitive fibers for space

applications.

. Other space +aviroriments factors such as UV radiation, space debris,
micrometeorite impactors and AO can cause material damage to cabled fibers.
Care must be taken to provide adequate protection, particularly for extended

orbital periods.

. While the LDEF FO experiments were generally successful in their ability to
perform or withstand the LEO environment, extrapolation of these results to other
orbital conditicns should be approached with caution (for example, the radiation
environment experienced by the LDEF, while in LEO, was relatively benign

“ compared te fluxes in other (higher) satellite orbits. Thus, there is no direct
method based on in-situ data which exists for predicting performance in more

adverse radiation environments.)
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Figure 7-2. View of the Experimental Tray
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Figure 7-3. Thermistor, Opical Fiber, and Dosimeter Locations.
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Figure 7-11. A Photograph of the EPDS Cover Plate with Coordinate Grid
Superimposed.
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Figure 7-13. Example of Impactor Site on PL #701 FO Link #2.
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‘igure 7-14. Example of Impactor Site on PL Exp #701 FO Link #4.

7-29




7, Figures

Figure 7-15. Close-up of PL Exp #701 Link #4 Impactor Region.
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Figure 7-16. Close-up of Impactor Region on PL #701 FO Link #4,
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Figure 7-17. Optical Time Domain Reflectometry Analysis of Impactor Location on PL
Exp #701 FO Link #4.
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Figure 7-20. The Spectrophotometry Scans I and II have been combined to reveal no
significant transmission differences in the comparison of the Control and
the Space Orbited FO Bundles.
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Table 7-1.

Comparison of FO Experiments Orbited on the LDEF,

Experiment
Identification
And
Responsible
Agency

Objective
or
Title of
Experiment

Experiment
Orbital
Operation

On-Orbit Dats
Callection
{Recorded

Parameters and
Variables)

Direct
Space
Bxposure of
FO
Components

Post Orbit
Analysis
Performed by
(Principal
Investigator)

MO0004
PL-Exp #701
AFMC Phillips
Laboratory

Demonstrate
active FO
systems.

Mcasurc
Temperature and
Radiation
Effects

Active

«. T, 8/N, BER,

V Dosimetry

Cabled
Optical
Fibers

Phillips
Laboratory
(B. W.
Taylor)

S0109
JPL
California Inst. of
Tech

Space Exposurc
of FO Cables

Passive

Cabled
Opticsl
Fibers

JPL
(A. R.
Johnston)

$0050
Georgia Tech
Rescdrch Inst

Exposurc of
Optical Fibers
and Components

Passive

None

Georgia Tech
Res Inst
(M. Blue}

MO0006
U.S. Air Force

Space
Environment
Effects

Passive

Cabled non-
imaging FO
bundle

Phillips
Laboratory
(B. W,
Taylor, S. A.
DcWalt)

A0138-7
CERT/ONERA-
DERTS

Optical Fibers
and Components

Passive

(Possibly
Dosimvetry)

CERT/ONE
RA-DERTS
(Jacqucs
Bourricau)

M0003-3
Bocing Co

Space Effects on
Multipin FO
Connectors

Boeing Co
(Owen
Mulke)

a = Optical Signal Transmission & Attenuation

T = Temperatures

S/N = Signal-to-Noise Ratio
BER = Burst Error Rates
V = Voltages (Various)
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®

® Table 7-2. Abbreviated Thermal Data Measured in Orbit.

o

®

® Day / Meas # Therm Max oC Therm Min OC
o 6/1 Therm 5/ 10 * Avg / -15.0
® 18 /3 Therm 4 / 1.9 * Avg / -25.6
® 60/10 Therm o / 8.4 ¥ Avg /[ -27.7
: 84 / 14 *Avg /153 Therm 1/10.5
® 223 / 41 * Avg /481 Therm 3 /29.2
® 247/ 4 Therm 5/ 18.2 * Avg /-10.1
o 272/ 53 * Avg /535 Therm 3 /31.7
o 364 /76 * Avg /276 Therm 1 /20.0
o

® * Notc: This is the Average of Thermistors 2, 7, and 8
o

o

: Table 7-3. Thermistor Location Within Experiment Tray.

o

® Thermistor # x (em) y (cm) z (cm) Remarks

[ ) 1 73.7 14.0 -64 Attached to Transmitters
| 2 104.1 673 -05 Attached to Fiber Plate
: 3 63.5 63.5 <64 Attached to Circuit Board
Py 4 124.5 10.2 -64 Attached to sidewall
@ 5 356 68.6 -89 Attached to bracket inside EPDS cover
o 6 50.8 76.2 - 14 Attachcd to basc plate (Tray bottom)
® 7 124.5 95.6 - 0.5 Attached to Fiber Platc
® 8 104.1 254 -0.5 Attached to Fiber Platc
®

®

e

@

¢

o

®

o

o




7, Tables |
Table 7-4. Some Characteristics of Space Exposed Active Optical Fibers, o
Prior to Launch. ®

Variable Link #1 Link #2 Link #3 Link #4 :
Original Cable Color Purple Yellow Beige Blue .
Cable Type Laose Tube Loose tube Conformal Conformal ‘
Cable Material Polyurcthane Tefzel TBD Hytrel .
Fiber Type Glass/Glass PCS PCS PCS @
Semi~Graded Step Index Step Index Step Index ’

Core/Clad (pm/pnm) 1007140 207/327 2077327 1987358 .
Numerical (Apertures) 0.30 0.22 022 033 ’
Bandwidth (3 dB) (MHz - km) 20 25 25 25 .
Attenuation (dB/km) 6.0 @ 850 nm 5.0 @ 850 nm 5.0 @ 850 nm 9.2 @ 850 nm :
Wavelength (nm) 1300 830 830 830 .
Link Length (m) 45.0 19.7 20.5 48.0 .
7-38 ®
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7, Tables

Table 7-5. Interim Analysis of Radiation Doses

Experienced by PL Exp #701.

Shielding Depth Trapped Electrons Trapped Protons GCR®, Other Total Dose
(@/em’) (Rad) (Rad) (Rad)

0.01 24,500 515 33 25,000
0.02 12,100 471 33 12,600
0.03 7,320 444 33 7.800
0.04 4,980 425 33 5.440
0.05 3,540 410 33 3,980
0.86 11.9 218 33 263

1.06 33 202 33 238

1.25 26 193.5 28.4™ 2245 1+ 6.0°
2,48 0.1 149.5 37.0" 1865 + 5.8™

* ~ Values determined from comparison of measurement and calculation
** — Difference between measured and calculated doses
s+ - Mecasured TLD values




7, Tables

Table 7-6. List of Electro-Optical Components.

PASSIVE COMPONENTS ACTIVE DETECTORS
COMPONENTS
Six Black Paint Samples ADP Modulator Silicon PIN
Neutral Density Filters Channeltron Array Silicon PV

Narrow-Band Filters

GaAlAs Lascr Diodes

Silicon Gamma-Ray

Laser Mirrors GaAsP LED InGaAsP PV
Hot-Mirror Filter Nd:YAG Rods InSb PV
Lyman-Alpha Filter CO, Waveguide Laser PbS
UV Filter 1600 A HeNe Laser PbSe
LiF Window Holegraphic Crystal HqCdTe PV
AlMgF, Laser Flash Lamps HngTé PC
Al203 Window FdSi Arrays

S10, Window

Pyroclectrics

35-mm UV Film

UV PMT

Various Optical Glasscs

UV Silicon

Black Polyethylene

7-40
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APPENDIX A
LDEF EXPERIMENT LOCATIONS, ENVIRONMENTS & MATERIALS

This appendix organizes the many experiments into a form that allows quick and easy
information on the location and their space environment exposure. The plots are based on a map
of the LDEF spacecraft, with the skin of the spacecraft unfolded. The panels start with row nine
and move back from there. This was done to place the actual RAM direction of the spacecraft
on the left side and right side of the chart. In each case, just read straight down the page to get

an estimate of the value.

Tables A.l.LA and A.l.B - LDEF experiments mapped against the corresponding
Cumulative Sun Hours and the Cumulative Atomic Oxygen Fluences. The second chart shows

the panels that contain more than two experiments.

Tables A2.A and A.2.B - LDEF cxperiments mapped against the corresponding

Cumulative Debris and Micrometeroid Impacts.

Table A 3 - A map of the optical experiments showing what types of optics were found
in different experiments. The experiment numbers were used as the simplest way to identify

them.

Table A4 - A map of the optical component types and the materials found in each of the

different cxperiment locations.
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APPENDIX B
EXPERIMENT DESCRIPTIONS

This appendix provides a description of each of the optics-related experiments flown on
LDEF, listed by experiment number.  For cach experiment number, the title, experiment LDEF
tray locations, principal investigators, and materials flown are listed. This appendix, in
conjunction with Appendix A, provides a useful cross-reference in understanding  the

experimental cffects described in Chapter 4.,
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Appendix B, Experiment Descriptions

TITLE:
TRAY
LOCATION:

PRINCIPAL
INVESTIGATORS:

OPTICAL
MATERIALS:

Experiment A0034

Atomic Oxygen Simulated Outgassing Experiment

C9,C3

Roger C. Lintoa Charles C. Burris
NASA Marshall Space Flight Center  Southern University
Alabama, 35812 Baton Rouge, LA

Robert L. Scott, Jr.
Ciba-Geigy
Saiut Gabriel, LA

Coatings on borosilicate or fused silica windows:

2-93 whitepaint (II'TR1) zine oxide in potassium silicate
binder

A-276 white paint; titaniam dioxide pigment in polyurethane
binder

S-13G (II'TRD); zine oxide in RTV602 silicone binder
S-13G/Lo (ITTRY); zine oxide in RTVo602 silicone binder,
improved formulation for outgassing

7-306 Chemglaze; black, titanium dioxide and carbon in
polyurethane binder

Z-326 Chemglaze;

YB71 zinc ortho titanate (ZOT) GI'TRI)

anodized aluminum protective cover

0Gﬁ@@@QQGQGQQOQQ%OGQGOQG_Q_GOGQQGCO_QOlQQOOQ__QQ.C_‘



Appendix B, Experiment Descriptions

Experiment A0056

TITLE: Expaosare to Space Radiation of High Performance [nfrared
Multilayer Filters and Materials

eCO0CCeCOCOGCECOCOEEO G (

TRAY .
4 ¥ LOCATION: 12, B8,
Gary J. Hawkins, John Seeley, Roger Munneman
. PRINCIPAL The University of Reading, Infrared Multilayer Lab
: INVESTIGATORS: Depl of Cybernetics,
4, 2 Reading, Berkshire, RGo 2AY, England
5| @ OPTICAL UNCOATED CRYSTALS AND  SOFT SUBSTRATE/COATING
‘ ) MATERIALS: MATERIALS MATERIALS
3 Calcium Gluoride KRS-5 with 61-layer AS253/KRS-5
. Magnesium Fluoride Krs-0 with 33-layer ZnS/KRS-5 &
T Germanium ZnSe/KRS-5
| Silicon KRS-5 with o1-layer CdTe/KRS-5 &
b Cadmiuam Telluride AS253/KRS-5
& f,/.]pphn'c HARD SUBSTRATE/FIL'TER
. Y-cul Quartr VN AT e
\.j.v Z-cut Quartz. (.( A .l [N(,'“.S‘ N
KRS-S e w!lh I b'lu/'/,nﬁe
i K rs-6 Ge with Pbte/ZnS
' AlL:Owith Ge/S10

Znse with PbE.
St with SiQ

pa=

COECOCEEeECCCLOECECORC®




Appendix B, Experiment Descriptions

TITLE:

TRAY
LOCATION:

PRINCIPAL
INVESTIGATORS

OPTICAL
MATERIALS:

Experiment A0138-3

Thin Film Metal Film and
Multilayer Experiment

J.I’. Delaboudiniere
CNRS/LDSP
Verrietes le Buisson, France

EUV thin films
UV gas filters
photocathodes
UV crystal filters

Yetn

GQOGGGCQQQQGQQQQQQQGQQCO@QQQQ_.O_OQC}Q?QQ.Q?‘QQ?Q_I




Appendix B, Experiment Descriptions

Experiment A0138-4

TITLE: Vacuum - Deposited Optical Coatings Experiment

TRAY

LOCATION: B3

e, o e RSO sy
INVESTIGATORS: - 00 7 § NEo/L entre spatial de
DE l DTO Toulouse 18
17, fue Paul Dauiier Avenue Edouard Belin
78140 Velizy Villacoublay 31055 Toulouse Cedex
FRANCE FRANCE

OPTICAL

-~ § Metallic interference filter made in ultrahigh vacaum,
MATERIALS:

wavelengihi=121.6 nm

Metallic interference filter made in classical vacuum,
wavelength=121.6 nm

Metallic interference filter, wavelength=130 nm

Dielectric interference filter, wavelength=500 nm

Bandpass interference filter, wavelength= 15 win

A-Mgl: metallic mirron on glass substrate measured at 121 nm
Al+Mg V. metailic mirron on Kanigen substrate at 121 nm

Al+ LIF metallic mirror on glass substeate at 102 cin

Al+LiF metallic mirror on Kandgen substrate

Platinum mirror 2t {21 nm

Ag+ ThE retallic mirroe on glass substrale at 450 nm
Ag+ThEmetallic mirror on Kanigen substrate at 450 nm
Dyiclectric mirror at wavelength.-250 nm

Dielectric mirror at wavelength==170 nm

Metallic selective mirror al wavelength =170 nm

Si0.-TiO: dielectric mirrors

Antirveflection coating in 14- to Te-um region

Antiveflection coating in 8- to 13-um region

Dichrometric separation in visible and infrared region at 10 um

0QQ&0000O00Gé_QOOOCOOGQ.G@OOQQOQQQ@QO&@QGQ@QI
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Appendix !

Y periment Descriptions

TITLE:

TKAY
LOCATION:

PRINCIPAL

INVESTIGATORS:

OI"T'ICAL
MATERIALS:

Experiment A0138-5

Ruted and Holographic Gratings Experiment

B3

Francis Bonnemason Renee Alet

Instruments SA CNLES/Centre Spatial de Toulouse 18
jobin Yvon Avenue Edouard Belin

Longjumcau, FRANCE 31055 Toulouse Cedex, FRANCE

- Replica from ruled grating (glass blank + epoxy
photoresist + coating) Type G. Grating characteristic is
1200 G/MM Dblaxed ai 250 nm, Al-coawed.

- Original master holographic grating (glass blank +
sensitive photoresist + coating) Type H. Grating
characteristic is 3600 G.MM 50-150 nm spectral range,
platinam-coated.

- lon etched eriginal master grating (glass blanlk +
coating) Type HU firating characteristic is 1200 (/MM
blazed at 250 nm, Al-coated.

- Contro. mirrers (glass blank + coating) Type W,

-fi;"ceeece&eeoeoeeoeeeoeecceeoceeee%ooeooeo@eo A




Appendix B, Experiment Descriptions

TITLE:

TRAY

LOCATION:

PRINCIPAL
INVESTIGATORS:

OPTICAL
MATERIALS:

Experiment A0147

Passive Exposure of Earth Radiation
Budget Experiment Components

B8, G12, 89

Johau R, Hickey
The Eppley Laboratory, Inc.
Newport, Rl

Thomas A, Mooney and Ali
Smajkiewicz
Barr Associates

Westford, MA

SOLAR SIINSORS

[Channel #tilter/spectral band in
uni/thermopile]

1S fused silica 0,18 to 3.8 N3
thermopile

2S fused silica 0,18 to 3.8 N3
thermopile

3S None (total rad.) <0,2 to =50 N3
tlat plate

45 OG-530 glass 0,526 to 2.8 13

55 RG-695 glass 0,698 to 2.8 N3

65 Interterence filter 0,395 to 0.510
N3

78 Interference tilter 0.344 to 0,460
N3

84S Iiterference filter 0.300 to 0.410
N2

985 Interference filter (L285 to 0.365
K2

108 Interference filter 0.250 to 0.320
K2

10C None (total vad.) <0.2 to >50 HF
cavity

EARTH FLLUX SENSORS
11E None (tolal vad.) <0.2 to
»>50 N3 flat plate

1ZE Nune (total rad.) «<0.2 to
250 Nt tat plate

131 Fulsed silica
hemispheres 0.2 10 3.8 N3
1B RCG-695 glass
hemispheres 0,695 10 2.8 N3
EPPLEY LAB METAL &
DIFLECTRIC COATING
MATERIAL

Zirconium Oxide

Zing Sultide

Thorum Fluoride

Cryolite

Lead Fluoride

l.ead Chloride
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TITLE:

TRAY
LOCATION:

PRINCIPAL
INVESTIGATORS:

OPrTICAL
MATERIALS:

Experiment A0171

Solar Array Materials Passive LDEF Experiment
A8

Ann ¥. Whitaker & Leighton L. Young
NASA Marshall Space Flight Center
MSEC, AL

This passive experiment contains a total of about 100
materials and material processes which address
primarily solar array materials, including solar cells,
composites, thin films, paints, metals and other
polymers. This database will record results concerning
the solar cells only. Seven separate MSEC photovoltaic
(solar cells) were flown on this experviment, All test
articles underwent substantial atomic oxygen erosion of
their polyimide (Kapton) substrate structures with the
cffect that one module was lost peior to arbiter
rendezvous with LDEE one came loose and drifted away
when LDEF was grappled; and one (M3) was attached at
ouly one corner when LDEEF was retrieved. The Latter
wds tound on the tloor of the cargo bay when LDV was
removed.
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Experiment A0172

] TITLE: Effects of Solar Radiation on Glasses
. TRAY .
B LOCATION: b2 G12
i 13 » " u ¥ ¢ ). io o 7
: PRINCIPAL D. Kinser, R, Weller, M. Mendenhall, D, Wiedlocher

YT e AT .. Vaderbilt University
INVESTIGATORS: Nashville, TN,

R. Nichols, D, Tucker and A. Shitaker
Marshall Space Flight Center

MSEC, AK 35812

OrricCAL

- commercial optical fused silica
MATUERIALS:

low iron seda-lime-silica glass
pyrex 7740 glass

vycor 7913 glass

bk-7 glass

Zerodur glass ceramic
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Experiment M0003-2

TITLE: Laser Optics

TRAY

[4
LOCATION: D3, D4, D8, DY

Linda De Hainaat
PL/LTS
Kirtland AFB, NM

PRINCIPAL
INVESTIGATORS:

OPTICAL

Ten sets of six samples zach (120 surfaces); each set
MATERIALS:

uniquely exposed; two control sets not flown. Each set
contains:

uncoated fused silica {122 Supersil-W1, Amersil, Inc,,
finished at Perkin Elmer)

MgE2 coated fused silica (coating is M.G.D.A by EM
Chemical Co; 1/2 wavelength at 1.06 um; Perkin Llmer
coater)

bare polished molybdenum (low carbon ARC casted
bar stock; Amax Specialty metal)

molybdenum coated with Cr, Ag & Thl4 (ThES-Cerac,
99% pure; Ag-Marz Wire, 99.99% pure; Cr-Electronic
Spice Products, 99.99% pure)

diamond turned cepper (OFHC)

diamond turned Ni plated Cu (Northrup?)

Four sets on Leading Fdge exposed for: 70 mos., 3 mos.,
6 mos. and 9 mos.

Four sets on Trailing kdge exposed for: 0 mos,, 3 mos.,
6 mos., and 9 mos.

Two sets contral samples never flown

310
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Experiment M0003~- 4

TITLE: Advanced Solar Cell and Coverglass Analysis
TRAY X
LOCATION: 133, D4, D8, DY
PRINCIPAL 'l'crl'ylM.‘"l't :unhl.c -
INVESTIGATORS: Acrospace | owes Division .
Acio Propulsion and Power Divectorate
Wright Patterson AFB, OH
OPTICAL The experiment consists of 48 coverglass samples
MATERIALS: and 12 solar cell strings. Sixteen of the coverglass

samples were on the feading edge and 16 on the
trailing edge, and 16 on the backside of atray
protected from direcy exposure to the Leo
cnvironment. An additional 15 samples were used
as control samples and were not flown,
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Experiment M0003- 7

TITLE: Space Environinental Effects on Coated Optics
TRAY
b N )8, Dt
Ff LOCATION: D4, D8, 19

PRINCIPAL Terry M. Donovan, ].M. Beune{, R.Z.

T AT . Dalbey and D.K, Burge
INVESTIGATORS: Thin Film Physics Section

Eae Naval Weapons Center
T China Lake, CA
T
Bl
e

5 OrIcaL (Si/ALOVN3/Ag/Si
Ly MATLRIALS: (SI/ALGIZ/Ag/Mo

::.-If?'f; (ZnS/A1)3)4/Ag/Mao
) (ZnS/ThF)5Ag/ Mo

(A LOW/Cala

* !' \_',*"". B

)

X
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TITLE:

TRAY
LOCATION:

PRINCIPAL

OPTICAL
MATLERIALS:

INVESTIGATORS:

Experiment M0003-11

Contamination Monitoring

123, D4, 18, DY

Lugene Borson
The Acrospace Corparation
Los Angeles, CA

Low Scatter, Black Glass Mirror
Aluminized, Fused Silica Mirror,
Front Surface

Low Seatter, Nickel Mirror

[.ow Scatter, Gold Coated Nickel Mirrors
Gold on Copper Mirror

KRS-5 & Zine Selenide Mulliple Internal
Retlectance Elements

Aluminized, Fused Silica Mirror, Second
Surface

CCOG560C0CEC0CO0CCEC00C0088C000060080000006¢€
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Experiment M0003-14

TITLE: QCM Maonitor
TRAY
9
LOCATION: D3, D
PRINCIPAL W.K. Stuckey, and G. Radhakrishnan
INVESTIGATORS: Acrospace Corporation

D. Wallace

OPTICAL Quartz Crystals

MATERIALS: Coated with 150 A" of InOJ/9000 A (AL+ALOs)
Quartz Crystals
Coated with 150 A of ZnS/9000 A (AL+AL.0.)

000660000600 0000000000C0COCCCCCRGOOSCSOOSGSONOONOGOPONRTODS
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TITLE:

TRAY
LOCATION:

PRINCIP'AL
INVESTIGATORS:

OPTICAL
MATERIALS:

Experiment S0014

Advanced Photovoltaic Experiment (APEX): Preliminary
Flight Results and Post-Flight Findings

E9

David J. Brinker, John Hickey &  The Eppley
David Scheiman Laboratory, Inc.
NASA Lewis Research Center Newport, Rl
Cleveland, OH

APEX SOLAR CELL TYPES

Silicon: BSR/BSF, violet, vertical junction, textured,
5.9 ¢cm PED, 2 mil thick

Gallium arsenide: 1LI'E

Standards: Balloon, rocket, airplane, radiation
damaged

Goverglass: fused silica, V- and U-grooved, ceria
doped microshecet

ABSOLUTE CAVITY RADIOMETER
DIGITAL ANGLE SUN SENSOR
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L Experiment S0050
TITLE: Effects of Long Duration Exposure on Active Optical
System Components
. TRAY -
i LOCATION: "
' PRINCIPAL M. Donald Blue

Georgia Tech, Res, Institute
Georgia Inst. of Technology
Atlanta GA

INVESTIGATORS:

o OPTICAL PASSIVE COMPONENTS
- MATLERIALS: Black Paint Samples

Neutral Density Vilters
Narrow-Band Filters

o Laser Mirrors

' Hot-Mirror Filter

Lyman-Alpha Filter

UV Filter T600A

. Lil: Window

v AlMgF: Mirror

o / Optical Glasses

. Mgk Window

ALO Window

35-mm UV Film

Various Optical Glasses

Black Polyethylene

ACTIVE COMPONLENTS

ADDP Modulators

Channeltron Array

GaAlAs Laser Diodes

GaAsP LED

Nd: YAG Rods

CO: Waveguide Laser

HeNe Laser Holographic
Crystals

Laser ¥lash Lamps

DETECTORS
Silicon 'IN
Silican PPV
Silicon Gamma-Ray
InGaAsP PV
InSb PV

’bS

PbhSe
HgCdTe 'V
HgCdTe PC
PdSi Arrays
Pyroelectrics
Uv PMT

UV Silicon
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Experiment S0050-1

TITLE:

TRAY
LOCATION:

PRINCIPAL

INVESTIGATORS:

OPTICAL
MATLRIALS:

Effects of Long Duration
Exposure on Optical Systems
Components

E5

Gale A, larvey
NASA Langley Research Center
Hampton, VA

OPTICAL WINDOWS
Cal.

Mgl"z

Lil

ALO«(synthetic Sapphire)
Si)
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Experiment $0050-2

TITLE: Effects of Long Duration Exposure on Optical
Substrates and Coatings

TRAY is

LOCATION:

mera, i e
INVESTIGATORS: Rochoster, NY

OPTICAL Kodak included 12 substrate and coating samples on
MATERIALS:

the LDEF structurve. There were 3 fused silica and 3
Ultra Low Expansion (ULL) uncoated glass samples,
2 ULE samples with a high reflectance silver
coating, and 2 fused silica samples coated with an
antireflectance (AR) coaling, and 2 fused silica
samples with a solar rejection coating. The samples
were 32 mm diameter by 1 mun thick. A set of
duplicate control samples was also manufactured
and stored in a controlled environment for
comparison purposes. ULE glass is described as not
tolerant of the radiation environment, and was
expected to show some radiation darkening.
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Experiment S0050-2

TITLE: Effects of Long Duration Exposure on Optical
Substrates and Coatings

TRAY E5
LOCATION: )

T . 1 . P )
URINCIPAL T Kol ooy Y
INVESTIGATORS: Rochester, NY
OPTICAL Kodak included 12 substrate and coating
MATERIALS:

sainples o1 the LDEF structure. There were 3
fused silica aud 3 Ultra Low Expaunsicn (ULE)
uncoated glass samples, 2 ULE samples with
high reflectance silver coating, and 2 fused
silica samples coated with an antireflectance
(AR) coating, and 2 {used silica samples with o
solar rejection coating. The samples were 32
mm diameter by T wmum thick. A set ¢f duplicate
control samples was also manufactured and
stored ina controlled eavironment for
comparison purposes. ULE glass is described
as not tolerant of the rediation environment,
and was expected to show some radiation

darkening,.
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o LIST OF ACRONYMS
- R
R AO Atomic Oxygen
. : APEX Advanced Photcvoltaic Experiment
' @® AR Antireflectance
IS BER Burst Error Rates
i BMDO Ballistic Missile Defense Organization
1 &
; ® BRDF Bi-directional Reflection Distribution Function
- ® CN Cumulative Number
) : DHW Double Halfwave
- ® DNA Defense Nuclear Agency
" ® Dol Department of Defense
B @ DPCA Data Processor Control Assembly
K EO Electro-optical
/ g © EDAX Energy Dispersive X-ray Analysis
5 : EPDS Experiment Power & Data System
£ ® ESCA Eleciron Spectroscopy for Chemical Analysis
= ® EUVY Extreme ultraviolet
. & FO Fiber Optics
N © FTIR Fourier Transform Infrared
e @ GEO Geosynchronous Earth Orbit
: y
B ® HRSMI High Resolution Scatter Mapping Instrument
: IF Interference Filter
. PN IMMA Ion Microprobe Mass Analyzer
N
) IR Infrared
N @ KSC Kennedy Space Center
n® LDEF Long Duration Exposure Facility
© LEDs T ight Emitting Diodes
L ® LEO Low Earth Orbit
o
Lo MEO Medium Earth Orbit
= & :
® D-1
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D, List of Acronyms

MIL-STD
MSFC
MTF
MTM
NASA
NEFD
NORAD
NRZ
OTDR
PL
PNTDs
QCM
RCVR
SEM
SNR
SPENV
SSM
SSN
TC
THW
TIS
TLDs
ULE
USAF
uv
XPS

Military Standard

Marshall Space Flight Center
Modulation Transfer Function
Magnetic Tape Memory

National Aeronautics & Space Administration
Noise Equivalent Flux Density
North American Aerospace Defense
Non-Return-to-Zero

Optical Time-Domain Reflectometer
Phillips Laboratory

Plastic Nuclear-Track Détectors
Quartz Crystal Microbalance
Receiver

Scanning Electron Microscopy
Signal-to-Noise Ratio

Space Environment

Second Surface Mirror

Sunspot Number

Thermal Control

Triple Halfwave

Total Integrated Scatter
Thermoluminescent dosimeter

Ultra Low Expansion

United States Air Force

Ultraviolet

X-ray Photoelectron Spectoscopy
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APPENDIX E
L.DEF PHOTOGRAPHS AND DATA REFERENCES

This appendix contains the photographs, data graphs, and reference citations for data
referred to in Chapter 4. For each graphic presented, the literature source for the information,

the experiment pumber on which the sample was flown, and a brief comment on the graphic are

presented to allow the reader to correlate this information back to Chapter 4 directly.
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Appendix E, LDEF Photographs and Data References

'ai Figure E.1. Fused Silica Micremeteoroid Impact Crater

REFERENCE: Havey, Keither. Mustico, Arthur, and Vallimont,
) John, Effects of Long Term Space Environment
Exposure _on_Optical Substrates and Coatings.
o LDEF Second Post-Retrieval Symposium, June
P 1992, p. 1393

: EXPERIMENT: S0150-2

COMMENTS: Multiple fractures occurred at the imipact site.
- ‘|
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Appendix E, LDEF Photographs and Data References
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) Figure E.2. Impact Effects on 7940 Fused Silica
S St .-

: REFERENCE: Meshishnek, MJ., Gyetvay, S.R., Paschen, K.W., L
i and Coggi. J.M., Long Duration Exposure Faciliiy R
o (LDEF) Experiment MO003 Meteoroid and Debris R

. Survey, LDEF Second Post-Retrieval Symposium, R
June 1992, p. 395.
e EXPERIMENT: MO0OOC3-2
- COMMENTS: Local radial cracking which does not propagate a I
great distance from impact site.
L e o




Appendix E, LDEF Photographs and Data References

Figure E.3. SEM of Impact on Fused Silica

REFERENCE:

EXPERIMENT:
COMMENTS:

Wiecdlocher, David E., and Kinser, Donald L.,
Cratering in Glasses Impacted bv Debris or

Micrometeorites, LDEF Second Post-Retrieval

Symposium, June 1992, p. 537

A0172

Jettirg molten glass extends from craer. Fibers
100 pm long extending from impact zone,

E-4




Appendix E, LDEF Photographs and Data References

Figure E4. SEM of Impact on Zerodur

REFERENCE: Wiedlocher, David E., and Kinser, Donald L.,
Cratering _in_Glasses Impacted by Debris or
Micrometeorites, LDEF Second Post-Retrieval
Symposium, June 1992, p. 536

EXPERIMENT: AQ172
COMMENTS: Central pit is surrounded by a zone of fragmented

malerial with numerous radial cracks. Annular -
region adjacent to crater missing numerous
fragments. Debris from fragmented area captured

in melt zone.
..~ - - " -~ . .~ |
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Appendix E, LDEF Photographs and Data References

) Figure E.5. SEM of Impact on Zerodur

.- "~ - ]
REFERENCE: Wiediocher, David E., and Kinser, Donald L.,
Cratering in Glassess Impacted by Debris or
Micrometeorites, LDEF Second Pcst-Retrieval

Symposium, June 1992, p.538 B
EXPERIMENT: AO172
COMMENTS: No melting. Fragmentation of the order 0.5 pm. ~

Damage similar to impacts with melt except in

central fission zone.
k.-~ _- - - .. -~ © " ‘]
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Appendix E, LDEF Photographs and Data References

Figure E.6. SEM of Impact on Pyrex

REFERENCE: Wiedlocher, Duvid E., and Kinscr, Donald L..
Cratering in_Glasses Impacted by Decbris or
Micrometeorites, LDEF Sccond Post-Retricval
Symposiura, June 1992, p. 536

EXPERIMENT: AQ172

COMMENTS: Damage extends five times central pit radius.

1o 2000000006006 000000000000C6CC0CQBCBOCGCOREOGOCCECRIISICG®OSCGSOS




(: Appendix E, LDEF Photographs and Data References
;‘(', N
%
O
Figure E.7. SEM of Impact on Pyrex
"4

- -~ __J "> "' ]
REFERENCE: Wiedlocher, David E., and Kinser, Donald L.,
Cratering in Glasses Impacted by Debris and
Micrometeorites. LDEF Second Post Retrieval
O Symposium, June 1992, p. 538
Y EXPERIMENT: A0172
' COMMENTS: Unsymmetric splash due to oblique impact. Craier
% is circular.

;Q00000000900.00..‘.000.0.60.@.000.000000.000



Appendix E, LDEF Photogrephs and Data References

Figure E.8. SEM of Impact on BK-7 Glass

REFERENCE: Wiedlocher, David E.. and Kinser. Donald L.
Cratering_ in Glasses Impacted by Debris or
Micrometcorites, LDEF  Second Post-Retrieval
Symposium, Junc 1992, p.537

EXPERIMENT: A0172

COMMENTS: Bubbles escaping the melt  region indicate
temperature and pressures at impact exceeded those
for vaporization,




Appendix E, LDEF Photographs and Data References

CENTRAL MELT CRATER SPALL SURFACE

SAMPLE PIT DXAMETER DIAMETER DIAMETER
(um)______ (pm) (um)
BK-7 40 100 l 200
Fused silica 50 120 250
Soda-Lime-Silica 80 175 475
Pyrex 85 206 400
Zerodur(l) None Mecasured 100 275
Zerodur(IT) 75 200 400
Zerodur(lII) 50 150 300

Figure E.9. Impact Site Damage Size

REFERENCE: Wicdlocher, David E., and Kinser, Donald L.,
Cratering in_Glasses Impacted by Debris or
Micrometeorites, LDEF Second Post-Retricval
Symposium, June 1992. p.534

EXPERIMENT; A0172

COMMENTS: Spall surface diameter on the order of factors of 2

or greater than the ciater diameter.
k... " - -~~~ -]




Appendix E, LDEF Photographs and Data References

. 100
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T 20 POST-FLIGHT
T
A 20 d——s——1 AFTER CLEANING
. 10 I ! | S
- N
N 1
: E 350 400 450 500 550 600 650 70C 750 800 850 S00 950 1000 1050 1100 1150 1200

WAVELENGTH (nm)

Bh- oo N

Figure E.10. Spectral Transmission of Uncoated Fused Silica

REFERENCE: Havey, Keith, Mustico, Arthur, and Vallimont,
John, Effects of Long Term Spacc Envirgnment
Exposure on_Optical Substrates and coatings
(§0050-2), LDEF Sccond Post-Retricval
Symposium, June 1992, p.1394

EXPERIMENT: $0050-2

COMMENTS: Cleaning returned performance to pre-flight valucs.
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R Figure E.11. Spectral Transmission of Uncoated ULE™ Sample R
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. AR ]
, REFERENCE: Havey, Keith, Mustico. Arthur, and Vallimont, ®
4 John, Effects ot Long Term Space Environment .
= Exposurc _on Optical Substrates and coatings ®
(50050-2), LDEF Second Post-Retrieval
Symposium, June 1992, p.1394 9
. EXPERIMENT: S0050-2 ’
COMMENTS: Cleaning returned performance to pre-flight values,
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Appendix E, LDEF Photographs and Data References
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R UV Transmission of CaF2 Window
A < i 690
N /
S /
M /
I oC {’ -0
T .
T v
A Ve
N /
c | = e -
E e
.//
IS U S5 UGN D, d o
2o0C 300 N0 9
WAVELENGTH (nm)

Figure E.12. Ultraviolet Transmission of CaF, Window

REFERENCE: Harvey. Gale A.. Effects of Long-Duration
Exposurc on Optical System Components. LDEF
First Post-Retrieval  Symposium,  June 1991,

p. 1338
EXPERIMENT: S0050-1
COMMENTS: Organic filim on both sides. Catastrophic loss in

UV wansmission.  Transmission increases from
almost zero at 200 nm to 50 percent at 380 nm.
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Figure E.13. Ultraviolet Transmission for MgF, Window 'y
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REFERENCE: Harvey, Gale A., Effects of Long-Duration ® .
Exposurc on Optical System Components. LDEF ®
5 First Post-Retrieval Symposium, Junc 1991, p.1339 -~ W
EXPERIMENT: $0050-1 -
e COMMENTS: Organic film on {ront side only. Catastrophic loss o
in UV transmission. ‘ :
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Appendix E, LDEF Photographs and Data References

LDEF MgF2 Window Samples
GSFC 4 Moy 1990
0.9
A
0.8 -
0.7
0.6
*
9
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Wavelength (A)
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Figure E.14. Vacuum Ultraviolet Transmission for MgF, Window

.- . ]
REFERENCE: Harvey., Gale A., Effects of  Long-Duration
Exposure_on Optical System Components, LDEF
Firsi Posi-Reirieval Symposium, junc 1991, p.1340
EXPERIMENT: S0050-1
COMMENTS: Catastrophic foss in UV transmission,




Appendix E, LDEF Photographs and Data References

UV Transmission of LiF Window

100
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R gl
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N |
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E o . - .
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WAVELENGTH (nm)

Figure E.15. Ultraviolent Transmission for LiF Window

L
REFERENCE:
EXPERIMENT:
COMMENTS:

Harvey, Gale A., Effects of Long-Duration
Exposurc on Optical System Components, LDEF
First Post-Retrieval Symposium, June 1991,
p. 1339

S0050-1

Organic film on both surfaces. Catastrophic loss in
Uv.
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Appendix E, LDEF Photographs and Data References

LUEF LIF Window Samples
GSFC & May 1990
0.8
.
k 0.8 4
;
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Figure E.16. Vacuum Ultraviclet Transmission for LiF Window

.- - - v -~ ]
REFERENCE: Harvey., Gale A.. Effects of Long-Duration
Exposure on Opticai System Components, LDEF
First Post-Retricval Symposium. June 1991,

p. 1340
' EXPERIMENT: S0050-1
! COMMENTS: Catastrophic loss in UV,
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Appendix E, LDEF Photographs and Data References

PRE- POST- AFTER

SAMPLE FLIGHT FLIGHT CLEANING

CONTROL
SAMPLE

Fused Silica 9.26T 35.3C 2.27T

10.7T

IJLE™ 9.51T 38.5C 8.0T

17.1T

T indicates tension stress
C indicates compression stress

Figure E.17. LDEF Uncoated Refractive Optics Stress Data

.- "~ "~~~ -]
REFERENCE: Harvey, Gale A., Effects of Long-Duration

Exposure on Optical System Components. LDEF

First Post-Retricval Symposium, June 1991,

p. 1340
EXPERIMENT: S0050-1
COMMENTS: Catastrophic loss in UV,
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Appendix E, LDEF Photographs and Data References

Figure E.18. Micrometeorite Damage on CaF,

REFERENCE: Hawkins, Gary J.. Seeley, John S., and Hunncman,
Roger. Exposure to_Space Radiation of High-
Performance  Intrared  Multilayer  Filters and
Malerials Technology Experiment (AO0S6). LDEF
First Post-Retrieval Symposium. June 1991,

p. 1491
EXPERIMENT: AOQ056
COMMENTS: Cleaving of the substrate.




o Appendix E, LDEF Photographs and Data References

STRENGTH | STRENGTH | STRENGTH STRESS STRESS
SAMPLE (MPa) DEVIATION { CONTROL | DEVIATION | CONTOUR
(Mpa) (Mpa) (Mpa) (% Max)
BK-7 Glass 126 8 124 ¢ 10
Fused Silica 97 4 97 4 38
Soda-Lime- 104 4 100 9 35
Silica
o Pyrex 105 7 1t 4 10
'. ‘ Vycor 101 5 103 4 No Impact
j Zerodur (1) 129 8 128 5 3
' Zerodur (II) 129 8 128 5 50
i Zerodur (I11) 129 8 128 5 25

Figure E.19. LDEF Mechanical Strength Data for Uncoated Refractive Optics

REFERENCE;: Wiedlocher, David E.. and Kinser, Donald L.,
Cratering in Glasses Impacted by Debris or
Micrometeorites. LDEF Sccond Posi-Retrieval
Symposium, June 1992, p. 534

EXPERIMENT: AOl172

COMMENTS: None.
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Appendix E, LDEF Photographs and Data References

Figure E.20. Film on MgF, Window

- . ]
REFERENCE: Harvey. Gale A.. Effects  of Long-Duration
Exposure on Optical System Components, LDEF
First Post-Retieval  Symposium, June 1991,

p. 1333
EXPERIMENT: SO050-1
COMMENTS: Sharp edges of adtering film indicate that the film

is brittlc.
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” Appendix E, LDEF Photographs and Data References

_ 3.4 u Absorption on Front Surface of MgF2 Window
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Figure E.21. 3.4p Absorption on ¥Front Surface of MgF, Window

L - "~ .~- _“~\~. '+ ]
REFERENCE: Harvey. Gale A.. Effects of Long-Duration
R Exposure_on Optical Svstem Components, 1.DEF
o First  Post-Retricval  Symposium, Junc 1991,
- p. 1336

EXPERIMENT: S0050-1

COMMENTS: Slight  decrease  in transmittance  due (o
o contamination on MgF..
.,-'t,'_ . .~ .- ]
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Appendix E, LDEF Photographs and Data References

o 3.4 p Absorption on LiF Window
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Figure E.22. 3.4p Absorption on Front Surface of LiF Window

e

- - . -~ '~ |
REFERENCE: Harvey. Gale A.. Effects of Long-Duration
Exposure oo Optical System Components, LDEF
First Post-Retrieval  Symposium,  June 1991,

p. 1336 .
EXPERIMENT: S0050-1
COMMENTS: Almost no decrcase in transmittance duc to :
contamination on LiF. v
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Appendix E, LDEF Photographs and Data References

Figure E.23. Film on LiF Window

- ]
REFERENCE: Harvey, Gale A., Effects of Long-Duration
Exposure on Optical System Components, LDEF
First  Post-Retricval  Symposium,  Junc 1991,

p. 1333
EXPERIMENT: S0050- 1
COMMENTS: Surface film appears sprayced on,




Appendix E, LDEF Photographs and Data References
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Figure E.24, 3.4p Absorption on Front Surface of AL O; Window

L -~~~ ]
REFERENCE: Harvey. Gale A., Eftects of  Long-Duration
Exposure on Optical System Components. LDEF
First Post-Retricval  Symposium.  Junc 1991,

o p. 1337
) EXPERIMENT: S0050-1
) COMMENTS: Little change in transmittance due to coatamination

on AlLO,.
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Appendix E, LDEF Photographs and Data References
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3.4 u Absorption on SiO2 Window

131

100

Rk SN v\w . 4\

. A A AN A
e T =

99

ZoTHNSH T Tt

38

a7

T 230 2630 29C0  C:iT it.a 3TE3 2acc
HAVENUMEE A

[T S —
TFT0 CrC 2

Figure E.25. 3.4p Absorption on SiO, Window

REFERENCE; Harvey, Gale A.. Effects of Long-Duration
Exposure on Optical System Components, LDEF
First Post-Retricval Symposium,  Junc 1991,
p. 1338

EXPERIMENT: S0050-1

COMMENTS: Little change in transmittance duc to contamination
on Si0,.
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Appendix E, LDEF Photographs and Data References
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Figure E.26. 3.4p Absorpticn on Front Surface of CaF, Window

REYVERENCE:

EXPERIMENT:
COMNMIENTS:

Harvey. Gale A.. Effects of T.ong-Duration
Exposure on Optical Systcm Components, LDEF

First Post-Retricval Symposium. Junc 1991,
p. 1335
S0050-1
Little change in transmittance due to contarnination
on CaF,.
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' Appendix E, LDEF Photographs and Data References ®
R
:;‘-,; ! 1 MgF2 Coated Fused Silica
o 10 74 ¢
. O8a8E C27FCQC  — Control Sample ®
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Figure E.27. Graph of Scattered Intensity vs. Detector Angle for 9\
Four MgF,/Fused Silica Samples el
i. \d
o
L
. _* - _______________________________ ']
— ) ) , @
REFERENCE: DeHainaut, Linda L., Kenemuth, John R.,, Tidler, -
P Cynthia E., and Scegmiller, David W.. Degradation w
T of Optical Components in a Spa:. ~ nvirgnment, .
N LDEF Second Post-Retnieval Symposium, Junc
' 1992, p. 13611t. ®
EXPERIMENT: MO0003-2 )
COMMENTS; Leading edge showed less scatter (coating removal
by atomic oxygen). )
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Appendix E, LDEF Photographs and Data References

5328 MICRONS WAVELENGTH, 10°ANGLE OF INCIDENCE

——g—  RAW BRDF
——e—— CONTROL SAMPLE (C)
~—e—g—  LDEF BRDF

AL

(ar)-1

BRDF

¢} 10 20 30 40

DELTA THETA
(degrees)

Figure E.28. BRDF Measurement for Silver-Coated Fused ULE™

.~ -~ ' |

REFERENCE; Havey, Keith, Mustico, Arthur, and Vallimont,
Jobn, Effcets of Long Termi Space Environment
Exposurc _on Optical Substrates _and  Coatings
(50050-2), LDEF Sccond Post-Retrieval
Symposium, June 1992, p.1396

EXPERIMENT: S0050-2

COMMENTS: Increase in scattering.
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Appendix E, LDEF Photographs and Data References
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Figure E.29. Transmission for Fused Silica Sclar Rejection Coating

REFERENCE: Havey, Keith, Mustico, Arthur, and Vallimont,
i John, Effects of Long Term Space Environment
Exposure on Optical Substrates and  Coatings
(50050-2), LDEF Sccond Post-Retrieval
Symposium, June 1992, p.1395
EXPERIMENT: 50050-2
COMMENTS: Cleaning retumed performance to pre-flight value.
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Appendix E, LDEF Photographs and Data References
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Figure E.30. Reflectance for Fused Silica Solar Rejection Coatings

REFERENCE; Havey, Keith, Mustico, Arthur, and Vallimont,
John, Effects of Long Term Space Environment
Exposure on_Optical Substrates and Coatings
(S0050-2), LDEF Second Post-Retrieval
Symposium, June 1992, p.1395

EXPERIMENT: 50050-2

COMMENTS: Cleaning returned performance to pre-flight value.
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Appendix E, LDEF Photographs and Data References
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Figure E.31. Reflectance for Silver-Coated ULE™

~ GO, A

M
REFERENCE: Havey, Keith, Mustico, Arthur, and Vallimont,
John, Effects of Long Term Space Environment
Exposure on Opticai _Substrates and Coatings

(50050-2), LDEF Second Post-Retrieval
Symposium, June 1992, p.1394

EXPERIMENT: S0050-2

COMMENTS: Cleaning returned performance to pre-ilight value.
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Appendix E, LDEF Photographs and Data References
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Figure E.32, Transmission for Anti-Reflection-Coated Fused Silica

REFERENCE: Havey, Keith, Mustico, Arthur, and Vallimont,
: John, Effccts of Long Term Space Environment
Exposure _on_Optical Substratecs and Coatings
"' (§0050-2), LDEF Seccond Post-Retricval
Symposium, Junc 1992, p.1393
L EXPERIMENT: S0050-2
COMMENTS: Normal cleaning methods ineffective. Exposurc to

atomic oxygen nceded to improve perfonmance.
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Appendix E, LDEF Photographs and Data References

PRE- POST- AFTER CONTROL
SAMPLE FLIGHT FLIGHT | CLEANING | SAMPLE
Fused .

il 15.6T 164T 20.17
F“S"iz“‘“‘/ 676C 553C 560C 557C

Fused Silica/
Ag/Uncoated 210T 185T 160T 150T
side

ULE™/Ag 14.5T 33.1C 9.0T 154T

T indicates tension
C indicates compression

Figure E.33. LDEF Stress Data Base For Coated Refraclive Optics

.- ‘"'~ |
REFERENCE: Havey, Keith, Mustico, Arthur, and Vallimont,
John, Effects of Long Term Space Environment
Exposure on Optical Substrates and Coatings

(§0050-2), LDEF Second Post-Retrieval
Symposium, June 1992, p.1392
EXPERIMENT: S0050-2

COMMENTS: Contaminants did not introduce appreciable stress.
- .-~ - - - ']
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Appendix E, LDEF Photographs and Data References

Figure E.34. Impact Effects on Fused Silica

' ... . "' ]
REFERENCE: Donovan, T.M., Bennett, J.M., Dalbey, R.Z.,
Burge, D.K., and Gyctvay, S.. Space
Environmental Effects on Coated Optics. LDEF
First Post-Retricval  Symposium, Junc 1991,

p. 1370
EXPERIMENT: M0003-2
COMMENTS: 70-month exposure produced localized chipping

and fracture extending many particle diameters.
.~ " -~~~ ' -~ "]
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Figure E.35. Fracture Zones on Fused Silica oN
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REFERENCE: Donovan, T.M., Bennett, J.M., Dalbey, R.Z., -
Burge, D.K., and Gyetvay. S.. Spacc 9
Environmental Effects on Coated Optics, L.DEF o R
SR First Post-Retrieval  Symposium, June 1991,
o p. 1370 ®
B EXPERIMENT: MO0003-2 ()
: COMMENTS: 70-month exposure produced many impact siles :
o which are potentiai arcas of high scatter and o
; absorption. o
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Appendix E, LDEF Photographs and Data References

Figure E.36. Macrophotograph of Bare SiQ, Substrate

L - - -}
REFERENCE: Gyectvay, S., ct al., Acrospese Corporation LDEF
MOO03_Sample Obscrvaiion Data Base, 1993,
Record #1125
EXPERIMENT: MOG)3-2
COMMENTS: No change is discemible cxcept for debris,
consisting of metallic film fragments and fibrous

matter, on the surface.
- - - - - - - - - """ ‘"~~~ ]
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Figure E.37. Scatter Map of Impact Site for Fused Silica

REFERENCE: DeHainaut. Linda L.. Kenemuth, John R., Tidler,
Cynthia E., and Scegmiller, David W., Degradation
of Optical Components in a Space Environment,
LDEF Sccond Post-Retricval Symposium, Junc
1992, p. 1371

EXPERIMENT: MO0003-2

COMMENTS: 70-month cxposure.  Scatter intensity from crater
is five orders of magnitude that of background.
Fracture lines are high scatter sites.
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Appendix E, LDEF Photographs and Data References
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REFERENCE:

EXPERIMENT:
COMMENTS:

Figure E.38.

Fused Silica Scatter Map

DcHainaut, Linda L., Kenemuth, John R., Tidler,
Cynthia E., and Scegmiller, David W., Degradation
of Optical Components in a Space Environment.

LDEF Sccond Post-Retricval Symposium, June
1992, p. 1371

MG003-2

70-month cxposurc. Scatter varics by two orders

of magnitude across surface.
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Appendix E, LDEF Photographs and Data References

(B Uncoated Fused Sllica
Exposure: Leading Edge, 70 Months

. : Measurement Wavelength = 0.633 um
: 10 7= , ?F’\m
o : e ﬂ:‘fﬁﬂ
o o ~t3 AR
o — X2 /‘,-A\‘— -
— O I
S — Incident Beam: S—polarized
R ~ 10 -t Detected Beam: P-—polarized
S W E Unexposed Surlace
I O ] E8=B0 No Cleaning of Suiface
S o Ahhdd Air Poof of Entire Surface
Y | m | 04064 Aicohal Drog of 1/2 of Surface
C 10 73
¢ :
" /O‘(‘)
: -0--0-9¢
/ 40000407090
) ~6g®
; .l‘ 10 ~8_‘n_lﬁ'—l 1"17“1"‘[‘]’“1"[ L0 e e A A M T e e i B | LA i | LA R A A e T R e AR B B |

10 20 30 40 30 60
Detector Angle Relative to Sample Normal (degrees)

Figure E.39. Effects of Cleaning on Fused Silica Scatter

. L I A A A S
B REFERENCE: DeHainaut, Linda L., Kencmuth, John R., Tidler,
— Cyuthia E., and Scegmiller, David W., Degiadation
L of Optical Components in a Space Environment,

LDEF Sccond Post-Retricval Symposium, Junc
3 1992, p. 1372
o EXPERIMENT: M0003-2

. COMMENTS: 70-month exposurc. Cleaning reduced scatier three
v orders of magnitude.
., p L -~ "~~~ "7 -}
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10 Uncoated Fused Silica

Lol

LE, 70 months

TN
—
[7p]
™~
4 0 ¢4 Sample Exposed Control Sample
U 5 on TE, 3 months
[ ]
% . Measurement Wavelength = 0.633 um
A
- Clean Superpolished \'\'{'
10 74 Substrate

4 gt
] A
\w
10 hs“‘d‘r—l—ﬁ—ﬁj—r—r—r‘r—l‘l‘l—rﬁj—v—l TR ST T T Y T T S T T T T
10 20 30 40 50 60

Detector Angle Relative to Sample Normal (degrees)

Figure E.40. Exposure Effects on Fused Silica Scatter

REFERENCE: DeHainaut, Linda L.. Kenemuth, John R., Tidler,
Cynthia E., and Scegmiiler, David W., Degradation
of Optical Components in a4 Space Environment.
LDEF Sccond Post-Retrieval Symposium, Junc
1992, p. 1372

EXPERIMENT: M0003-2

COMMENTS: Leading cdge 70-month  c¢xposure  similar to
9-month cxposure.
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1216 AL-MGF2 MIRROR
CN Blee4 GLASS SUBSTRATE
. FLIGHT SAMPLES

0 REFLECTANCE

I
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E _ nsice
0.2 - i=me=posttligr:
0.1 t outs:ice
. w— st 1EM
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Figure E41. Reflectance Measurements for Al-Mg,/B1664 Glass Mirror

L.~ "~~~ U T
REFERENCE: Charlier, Jean, Vacuum Deposited Optical Coatings
Experimcii, LDEF Firsi  Pousi-Reirieval
Symposium, June 1991, p. 1354
EXPERIMENT: A0138-4
COMMENTS: Outside/inside samples have significantly reduced
reflectance over all wavelengths.
L _ -~ "~ " "~~~ -~
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Appendix E, LDEF Photographs und Data References

THF4 PROTECTED AG MIRROR
ON Bl1664 GLASS SUBSTRATE
FLIGHT SAMPLES

REF LECTANCE
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Figure E42. Reflectance Measurements for ThE,-Ag/B1664 Glass Mirror

L " T R R
REFERENCE: Charlicr, Jean, Yacuum Deposited Optical Coatings
Experiment, LDEF  First  Post-Retrieval
Symposium, June 1991, p. 1354

EXPERIMENT: A0138-4
COMMENTS: Outside/inside samples showed linle change in
reflectance,
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ALZ203 PROTECTED AG MIRROR
ON KANIGEN SUBSTRATE
FLIGHT SAMPLES

REFLECTRNCE
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Figure E.43. Reflectance Measurements For Al,0,-Ag/Kanigen Mirros

L
REFERENCE: Charlier, Jean, Vacuum Deposited Optical
Coutings Experiment, LDEF First Post-
Retricval Symposium, June 1991, p. 1358
EXPERIMENT: A0138-4
COMMENTS: Outside/inside samples had significantly

reduced reflectance except at the blue end.
L - "~ T T

-
w




Appendix E, LDEF Photographs and Data References

1216 UV AL-MGFZ2 MIRRDR
ON KANIGEN SUBSTRATE
FLIGHT SAMPLES

REFLECTRNCE ’
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Figure E44. Reflectance measurements for Al-MgF,/Kanigen Mirror

T A A A
REFERENCE: Charlier. Jean. Vacuum Deposited Ontical Coatings
Experiment, LDEF  First Post-Retrieval
Symposium, June 1991, p. 1355
EXPERIMENT: A0138-4
COMMENTS: Inside sample had significant reduction in
reflectance at upper end.  Outside sample had

significant reduction across the entire band.
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230 NM DIELECTRIC UV MIRROR
ON Ble64 GLASS SUBSTRATE
FLIGHT SAMPLES

REFLECTANCE
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Figure E.45. Reflectance Measurements for 250 nm Dielectric/Glass Mirror

L -~ "~~~
REFERENCE: Charlier, Jean, Vacuum Deposited Optical Coatings
Experiment, LDEF First Post-Retrieval
Symposium, June 1991, p. 1356
EXPERIMENT: A0138-4
COMMENTS: Inside sample showed slight shift in reflectance.

Outside sample had a slight shift at the high end.
L o .~~~
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Figure E.46. Transmission measurements for AR on B1664 Glass Mirror

REFERENCE: Charlier, Jean, Vacuum Deposited Optical Coatings
Experiment, LDEF First Post-Retrieval
Symposium, June 1991, p. 1360

EXPERIMENT: A0138-4

COMMENTS: Inside sample showed a significant reduction in
transmittance at the blue end. Outside sample had
a significant reduction at the blue end and a slight

reduction at the upper cnd.
T s A e SR A
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Figure E.47. Impact Damage On MgF, Coated Fused Silica

REFERENCE: DcHainaut, Linda L.. Kenemuth, John R.. Tidler,
Cynthia E.. and Scegmiller, David W, Degradation
of Optical Components in a Space Environment,
LDEF Second Post-Retricval Symposium, Junc
1992, p. 1369

EXPERIMENT: M0003-2
COMMENTS: Localized damage.
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\“f‘l A

Figure E.48. NaF, Coating on Fused Silica

L o T
REFERENCE: M.J. Meshishnek, S.R. Gyctvay, K.W. Pashen, and
JM. Coggi. Long Duration Exposurc Facility
(LDEF) Experiment MG{(X)3 Meteoroid and Debris
Survey, LDEF Sccond Post-Retrieval Symposium,
Part 2, June 1 - 5 1992, p. 397
EXPERIMENT: MO3-7
COMMENTS: Lamage layer has been removed due o UV/atomic
oxygen
L= . " .- ]
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" Figure E.49. Impact Damage on Coated Molybdenum °
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REFERENCE: DcHainaut, Linda L., Kenemuth, John R., Tidler, ®
Cynthia E., and Scegmiller, David W, Depradation )

. of Optical Components in_a Spiace Environment,
k) LDEF Second Post-Retrieval Symposium, June ®
: 1992, p. 1369 @

. EXPERIMENT: MO003-2
¢ COMMENTS: Damage arca many {unes crater size.  Coating 9
RN failure. ®
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Figure E.50. Spiral Cracks and Blisters on (AL,O,/Si)Ag Mirror
on Polished Si Substrate

REFERENCE: Gyetvay, S., et al., Acrospace Corporation LDEF
MOO03 Sample Obgervation Data Base, 1993,
Record #500

EXPERIMENT: M0003-7

COMMENTS: Three small impact craters, surrounded by localized

cracking, arc cvident on cxposcd coating surface.
The coating is cracked in spirals at the perimeter of
the exposure area. The coaling appears to be
blistered in the vicinity of the spiral cracks.
Flaking in the cracked region has revealed a
corroded and discolored residual surface.
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L

Figure E.51. Macrophotograph of Crazed and Discolored Al,0, Coating
on Si0, Substrate

REFERENCE: Gyetvay, S., et al., Acrospace Corporation LDEF
MO0003_Sample Obscrvation Data Base, 1993,
Record #635
EX "ERIMENT: MOM03-7
COMMENTS: Fine fractures, which inlcrsect and terminate in

defects in the coating, arc barely discernible in the
exjposed suiface of ific coaiing. There are some
small arcas where the coating has flaked away to
reveal the smooth surface of the substrate. A small
number of individual blisters or bubbles wre
discernible in the coating. Thesc features vary in
size, arc randomly distributed, and are globally
present on the surface. Ong possible small impact
crater is apparent on the carthward side of the
sample. A great deal of cxtrancous debris is
present on the coating surface.
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Appendix E, LDEF Photographs and Data References

4
2
v
Figure E.52. Crazed and Discolored As,Se; Coating on SiO, Substrate
'
.
R REFERENCE: Gyetvay, S.. cf al., Acrospace Corporation LDEF
v M0003 Sample Observation Data Basc, 1993,

Record #639

EXPERIMENT: MO003-7

COMMENTS: Coating appears non-unifonn in color to the eye.
At high magnification, it is apparent that the
expose surface is crazed and that the observed
vanation in color is duc to the presence of
contiguous grecen patches in the otherwise pink
coating. There arc no discernible morphological
features associated with the green patches and they
do not correspond 1o the crazed fragments in the
coating in any discernible way.
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Figure E.53. Particle-Contaminated Surface of Solar Telescope High Retiective Coating
(Electroplated Au on Ni/Al)

. ]
REFERENCE: Gyetvay, 8., et al., Acrospace Corporation LDEE
MOO03 Sample Observation Data Base. 1993,
Record #1106.07
EXPERIMENT: MOM3-0
COMMENTS: Small quantity of debris on surfice.  No other
changes are discernible,
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i

Figure E.54. Contamination Spots on Surface of Crazed MgF, Coating on SiQ,

Substrate

REFERENCE:

EXPERIMENT:
COMMENTS:

Gyetvay, S., et al., Acrospace Corpuration LDEE
MO0003 Sample Observation_ Data Base, 1993,
Record #1128

MOO03-2

Entire coating is crazed. A great deal of
extrancous debris including fibrous matter and
metallic film fragments is present on sucface.
There are three large spots of debris on the
spaceward side of the sample where the coating is
more ¢xtensively crazed. There are blisters around
these spots of debris.
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Figure K.55. Buckled ZnS Coating on SiQ), Substrate

REFERENCE: Gyetvay, S., et al., Acrospace Corporation LDEE
MOO03  Sample Observation Data _Base, 1993,
Record #640

EXPERIMENT: MO003-7

COMMENTS: Coating is buckled in a regular pattcm on two large

arcas of the surface. The entire coating on this
sample is blistered. Large blisters, exhibiting many
orders of interference fringes, are discernible on the
suiface of the sample at low magnification.  [n
addition, a high density of very small blisters is
apparent throughout the coating at magnifications
of 200X and greater.  The surface is refatively
clean of debris.
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Appendix E, LDEF Photographs and Data References

Figuie ¥.56. High Magnification View of Surface of Crazed and Discolored AlLQ),
Coating on SiQ), Substrafe

REFERENCE: Gyctvay, S., et al., Acrospace Corporation LDL
MOO03 Sample Observation Data Basc, 1993,
Record #0358

EXPERIMENT: MO0 3-7

COMMENTS: Fine fractures, which infersect and terminate in
defects in the coatirg, are iely discernible in the
exposed surfiace of the couiing., There are some
small arcas where the coating has flaked away to
reveal the smooth surlace of the substrate, A stiall
number of individual blisters or bubbles are
discernible in the coating, These features vary in
size, are tandomly distributed, and e globally
preseat on the surface. One possible small impact
crater apparcnt on the carthward side of the
sample. A great deal of extrancous debris s
present on the coating surface.
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Figure E.57. Surface of Crazed MgF, Coating on SiO, Substrate

REFERENCE; Gyetvay, S., et al., Acrospace Corporation LDEF
MO003 Sample_Obscrvation Data Base, 1993,
Record #1128

EXPERIMENT: M0003-2

COMMENTS: Entirc coating is crazed. A great deal of
extrancous debris including fibrons matter and
meialiic film fragments is present on surface,
There are three large spots of debris on tie
spaceward side of the sample where the coating is
morc extensively crazed. There are blisters around
these spots of debris.
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Appendix E, LDEF Photographs and Data References

Figwe E.58. Surface of Crazed MgF, Coating on SiO, Substrate

REFERENCE: Gyetvay, S.. et al., Acrospace Corporation LDEF
M0003 Sampie Observation Data Base, 1993,
Record #1128

EXPERIMENT: MOQ003-2

COMMENTS: Entire coating is crazed. A great deal of

extrancous debris including fibrous matter and
metaliic fiim fragments is present on surface.
There arc three large spots of debris on the
spaceward side of the sample where the coating is
morc cxtensively crazed. There are blisters around
these spots of debris.
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Figure E.59. High Magnification View of Haze-Producing Dendritic Growth on Surface of
(ALO,/ZnS)*/Ag Mirror on Polished Molybdenum Substrate

L -~ -~ "]

REFERENCE: Gyetvay, S.. ¢t al., Acrospace Corporation LDEF
MOO03 Sample Observation Data Base, 1993,
Record #566

EXPERIMENT: MOO0O3-7

COMMENTS: Coating appears hazy and discolored on exposed
surface.  Muliiple zoues of discoloration are
apparcnt.  Variation in discoloration is result of
varving degrees ol dendritic growth. A high
density of spots i1s apparent over the eatire coating.
Grain boundarics in the subsirate are apparet
through the coating.
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Figure E.60. Macrophotograph of Si Coating on Si(), Substrate

REFERENCE: Gyetvay, §., et al., Acrospace Corporation LDEF
MO003 _Sample Observation Data Basc, 1993,
Record #636

EXPERIMENT; MO0003-7

COMMENTS: A great deal of debris is present on the coaling
surface. Neverthicless, the surface remains highly
specular. At least four small circular arcas
suryounding deposits appaicnt on surfacc. These
resemble, but arc not, impact craters. In these
arcas, a central deposit of uncertain origin is
surrounded by a zone of reacted (discolored)
coating.
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Appendix E, LDEF Photographs and Data References

pinholes, or growth nodules in the coating have
formed preferentially along these scratches. Spots
of debris. surrounded by reacted material, arce
present in the surface.
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Figure E.61. High Magnification View of PbF, Coating on Si0), Substrate L iy
- . A S a8 ‘ ¢
' REFERENCE:: Gyetvay, S., et al., Acrospace Corporation LDEF 0 -"“.
R MO003 Sample Observation Data Base, 1993, (™) i
A Record #638 ;
EXPERIMENT: MO003-7 ® B
3 COMMEN’ Coating appears dark rust in color. Three or four Y
: Large gouges or scratches are present n the coating .
surface. The coating surface is highly textured and o
replicates a large number of subsurface polishing a
scratches,  Features, which may be bubbles. ®
. -



Appendix E, IDEF Photographs and Data References

Narrow Band Filter No. 2
Percent Trgnsmission
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Figure E.62. Pre-Launch and Post-Recovery Transmission of
Corion Narrow-Band Filter #2 (Covered)

REFERENCE: M.D. Blue and D.W. Roberts. GTRI, Effects of
Space Exposure on Optical Filiers, Applicd Oplics.
Vol, 31, No. 25, 1 September 1992, p. 5209
EXPERIMENT: S0050-2
COMMENTS: Reduced transmission.
- - ‘' - -}
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Appendix E, LDEF Photographs and Data References
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Figure E.63. Pre-Launch and Post-Recovery Transinission of

Corion Neutral Density-Band Filter #6 (Covered)

REFERENCE:

M.D. Blue. G'UFL, Investigation of the Eftects of
LDEF on Active Optica! Systen Components,
Final Report

EXPERIMENT: S0050-2

COMMENTS:

No change in wansmission.  (This figure is
presented by the experimenter for both covered and
uncovered neutral density filters, For the covered
filter, the transmission was unchanged and its
transmission curve overfays the prelaunch curve
directly.)
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Appendix E, LDEF Photographs and Data References
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Figure E.64. Pre-Launch and Post-Recovery Transmission of
Corion Broadband Filter #9 (Covered)

L .- ]

REFERENCE: M.D, Blue, GTRI, Investigation of the Effcets of
LDEF on Active Optical System Components,
Final Report

EXPERIMENT: S0050-2

COMMENTS: No change m wansmission.  (This figure is
presented by the experimenter for both covered and
uncovered IR suppression filters, Filter #9 showed
little change in transmission and its transmission
curve overlays the prelaunch curve almost directly.)




Appendix E, LDEF Photographs and Data References
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Figure 1.65. Pre-Launch and Post-Recovery Transmission of Al/MgF,
Optical Filter on MgF, Substrate (1216 &) (Covered)

L T
REFERENCE: Charlier, 1., Yacuum Deposited Optical Coatings
Experiment, LDEF  First  Post-Retrieval
Symposium, Part 3, p. 1343
EXPERIMENT: A0138-4
COMMENTS: Reduced transmittance, shift in center wavelength.
L "~ """ "
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Appendix E, LDEF Photographs and Data References
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Figure E.66. Pre-Launch and Post-Recovery Transmission of AVMgl,
Optical Filter on MgF, Substrate (1270 A) (Covered)

v . ___________ |
REFERENCE; Chartier, J.. Yacuum Deposited Optical Coatings
Lxperiment,  LDEF  First  Post-Relrievil
Sympostum, Part 3, p. 1343
EXPERIMENT: AO138-4
COMMENTS: Reduced transmittance. shift in center wavelength,
.-~ ___________]
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Appendix E, LDEF Photographs and Data References
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Figure E.67. Pre-Launch and Post-Recovery Transmission of Al/Mgk,
Optical Filter on Quartz Substrate (2430 A) {Covered)

R A R A SRR
REFERENCE: Charlier, J., Vacuum Deposited Optical Coatings
Experiment,  LDEF  First  Post-Retrieval
Symposium, Part 3, p. 1343

EXPERIMENT: AQ138-4
COMMENTS: Slight reduction in transmittance and shiflt in cenfer
wavclength.
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Appendix E, LDEF Photographs and Datua References

Final Report
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| ® Figure E.68. Pre-Launch and Post-Recovery Transmission of
| & Corion Narrow-Band Filter #1
[
RS e L, 3 ]
' ® REFERENCE: M.D. Blue, GTRI, Investigation of the Effects of
7 LDEF on Active Optical System Components,
' ® EXPERIMENT: S0050-2
T COMMENTS: Reduced  transmission, center frequency  shift, .
L KJ broadening of bandwidth.
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’ Appendix E, LDEF Photographs and Duta References o’
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Figure E.69. Pre-Launch and Post-Recovery Transmission of oW
& Corion Narrow-Band Filter #3 °
oR
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. °s
<_S L . ‘- | e e
REFERENCE: M.D. Blue, GTRI, Investigation of the Filects of
— LDEF on Active Optical System Components, on
o Final Report .
B EXPERIMENT: $0050-2
” COMMENTS: Reduced  transmission,  center  frequency  shift, ®
broadening of bandwidth. ¢
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Appendix E. LDIEF Photographs and Data References
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Figure E.70. Pre-Launch and Post-Recovery Transmission of
Corion Narrow-Hand Filter #4

L ]
REFERENCE: M.D. Blue, GTRIL Investigation of the Effects of
LDEF on Active Optical System Components.
Final Report -
EXPERIMENT: S0050-2 .
COMMENTS: Reduced transmission, center lrequency shifl, no
appreciable broadening of bandwidth.
L - -]
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SR Appendix E, LDEF Photographs and Data References
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M 4 REFERENCE: M.DY Blue, GTRI, Investigation of the "ffects of
i LDLEF on Active Optical System Components,
— Final Report
Tl EXPEIIMENT: SGO50-2
: W‘ COMMENTS: Reduced transmission, cenicr frequency shift, no
; appreciabic broadening of bandwidth.
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Appendix E, LDEF Photographs and Data References
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rcent)

Figure E.72. Pre-Launch and Post-Recovery Transmission of
Exposed Corion Neu:: 1l Density Filter #6

REFERENCE: M.D. Blue, GTRI, Investigation of the Effcects of
LDEF on Active Optical System Components,
Final Report
EXPERIMENT: S0050-2
COMMENTS: Increase in transmittance.
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Appendix E, LDEF Photographs and Data References
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L Figure E.73. Pre-Launch and Post-Recovery Transmission of Wide-Band
o Corion Filters #8 (Exposed) and #9 (Covered)

.

-~ - _ |

. REFERENCE: M.D. Blue, GTRI, Investigation of the Effects of
O LDEF on Active Optical System Components,
>": Final Report
Fa EXPERIMENT; $0050-2
Y COMMENTS:; No shift in filler wavelength  characteristics, _
, Transmission and long-wave reflectance degraded. 1
3 '
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Appendix E, LDEF Photographs and Data References
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Figure E.72. Pre-Launch and Post-Recovery Transmission of
Exposed Corion Neutral Density Filter #6

R A R LR RS
REFERENCE: M.D. Blue. GTRI. Investigation of the Effects of
LDEF on Active Optical System Components,
Final Report
EXPERIMENT: S0050-2
COMMENTS: Increase in transmittance.
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Appendix E, LDEF Photographs and Data References
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Figure E.73. Pre-Launch and Post-Recovery Transmission of Wide-Band
Corion Filters #8 (Exposed) and #9 (Covered)

L/ -}
REFERENCE: M.D. Blue, GTRI, Investigation of the Eftects of
LDEF on Active Optical System Components,
Final Report
EXPERIMENT; S0050-2
COMMENTS: No shift in filter wavelength  characteristics.
Transmission and long-wave reflectance degraded.
L
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Appendix E, LDEF Photographs and Data References
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Figure 1.74. Pre-Launch and Post-Recovery Transmission of Exposed
A/MgF, Optical Filter on Mgk, Substrate (1216 A)

. -+ -~ - & |
REYERENCE: Charlier, J., Vacuum Depostied Optical Coatings
Lxperiment,  LDEF  First  Post-Retricval
Sympaosium, Part 3, p. 1343
EXPERIMENT: A(L38-4
COMMENTS: Reduced transmittance, shift in center wavelength,

CCG8GCCECEOEINCCEH0C00C20000000000000000060080




Appendix E, LDEF Photographs and Daty References
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Figure K.75. Pre-Laanch and Post-Recovery Transmission of Exposed
AUMgE, Optical Filter on Mgk, Substrate (1270 A)

IR T AU (SR A S0 ¢ AN AR A AN A NN AR
REFERENCIS: Charlicr, J . Vacuum Deposited Optical Coatings
Expermment,  LDEE First Post-Retrieval
Symposium, Part 3, p, 1343
EXPERIMENT: AOT3R-4
COMMENTS: Reduced mansmittance, shift in center wavelength,
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Appendix E, LDEF Photographs and Data References
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Figure E.76. Pre-Launch and Post-Recovery Transmission of Exposed
A/MgF; Optical Filter on Quartz Substrate (2430 A)

W
REFERENCE: Charlicr, J., Vacuum Deposited Optical Couatings
Experiment,  LDEF First  Post-Retrieval
Symposium. Part 3, p. 1343

LEXPERIMENT: AOLIB-4
COMMENTS: Slight reduction in transmittance and shift in center
wavelength,
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Appendix E, LDEF Photographs and Data References
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REFERENCE:

EXPERIMENT:
COMMENTS:

Figure E.77. Pre-Launch and Post-Recovery Transmission of ZnS/Cryolite/
Silver on Fused Silica (Cemented With Epon 828)

e T e R

Mooney, T.A. and Smajkiewicz, A., Transmittance

Mceasurements ot Ulraviolet

and

Visible

Wavelength Filters Flown Aboard LDEL, LDEL
First Post-Retrieval Symposium, Part 3, p. 1511

AQ-147
Reduction in tansmitiance.
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Appendix E, LDEF Photographs and Data References
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Figure E.78. Pre-Launch and Post-Recovery Transmission of ZnS/Cryolite/
Silver on Fused Silica (Air-Spaced, No Cement)

- - - - -~ ___° ]
REFERENCE: Mooney. T.A. and Smajkiewicz, A, Transmitlance
Measurements — of  Ultraviolet  and  Visible
Wavelength Filiers Flown Aboard LDLEF, LDEE
First Post-Relrieval Symposium, Part 3, p. 1511

EXPERIMENT: AQ-147
COMMENTS: Reduction in transmittance and slight shift in center
wavelength,
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Appendix E, LDEF Photographs and Data References
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Figure K.79. Pre-Launch and Post-Recovery Transmission of ‘Thl /Cryolite
on Fused Silica (Air-Spaced, No Cement)

L "~ - . ' -]
REFERENCE: Mooney, T A, and Smajkicwicz, A., Transmittance
Measuremients  of  Uliraviolet and  Visible
Wavelengih Filters Flown Aboard LDLEF, LDEF
First Post-Retrieval Symposium, Part 3, p. 1511

EXPERIMIENT: AO-147
COMMENTS: Inerease in transmittance (due to pinholes in some
of the metal-diclectric coatings).
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Appendix E, LDEF Photographs and Data References
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Figure E80. Pre-Launch and Post-Recovery Transmission of ZrQ),/Cryolite/
Silver on Fused Silica (Air-Spaced, No Cement)

L N
REFERENCE; Mooncy, T.A.. and Smajkicwics, A Transmiltance
Measurements ol Ultraviolet  and  Visible
Wavelength Filters Flown Aboard LDEE, LDEEF
First Post-Retrie ral Symposium, Part 3, p. 151
EXPERIMENT: AQ-147
COMMENTS: Reduced taansmittance.
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Appendix E, LDEF Photographs and Data References
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Figure E8L. Pre-Launch and Post-Recovery Transmission of ZuS/Thy,
on Fused Silica (Air-Spaced, No Cement)
3
L~ J/~ “" -~~~ - "“~—" ]
REFERENCE: Mooney, T.A., and Smajkicwicz, A, Transmillance
Measurements  of  Uliraviolet and  Visible
Wavelength Filters Flown Abowd LDEF, LDEF
First Post-Retrieval Symposium, Part 3, p. 1511
. EXPERIMENT: AQ-147
COMMENTS: Slight decrease  in tansmittance  near  center
. wavelength, Shght increase in transmittance near
' bluer wavelengths (apparent reduction in extinction
. coclficient of ZnS).
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Appendix E, LDEF Photographs and Data References
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Figure 1.82. Pre-Launch and Post-Recovery Transmission of ThE /Cryolite
on Fused Silica (Air-Spiced, No Cement)

e 3}

REFERENCE: Mooney, T.AL and Smajkicwicsz, AL Transmittanee
Measwmemenis  of  Ultraviolet  and  Visibie
Wavelength Iadters Flown Aboard LDEEF, LDEF
First Post-Retrieval Symposium, Part 3, p. 1511

EXPERIMENT: AD-147

COMMENTS: Increase in transmitlance (due to pinholes in sonie
of the metad-dieleetric comtings),
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Appendix E, LDEF Photographs and Data References
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Figure E.83. Pre-Launch and Post-Recovery Transmission of Pb¥,/Cryolite
on Fused Silica (Air-Spaced, No Cement)

N
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REFERENCE: Mooney. T.A., and Smajkiewicz, A., Transmittance
Measurements  of Ultraviolet and  Visible
Wavelength Filters Flown Aboard LDEF, LDEF
First Post-Retrieval Symposium, Part 3, p. 1511
EXPERIMENT: AO-147 R
COMMENTS: Reduced transmittance (due to increased absorption e
o in the lead compound). .
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Appendix E, LDEF Fhotographs and

Data References
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Figure E.84. Pre-Launch and Post-Recovery Transmission of PbF,/Cryolite
on Fused Silica {Air-Spaced, No Cement)

REFERENCE:

EXPERIMENT:
COMMENTS:

in the lead compound).

Mooney. T.A., and Smajkiewicz, A., Transmittance
Measurements of Ultraviolet and  Visible
Wavelength Filters Flown Aboard LDEF, LDEF
First Post-Retrieval Symposium, Part 3, p. 1511
AO-147

Reduced transmittance (due to increased absorption
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LDEF Filter No. 10
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Type oo Meual deckctie blockmg clement
Toaung Maieral . . Zinc sulfide, cryolite, silver
Cement ... ....... APCO R313

Comments ......... Compare with Filier No. 1 & 2
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! =mmm After Exposure
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T T 1
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WAVELENGTH (NM)

REFERENCE:

EXPERIMENT:
COMMENTS:

Figure E.85. Pre-Launch and Post-Recovery Transmission of ZnS/Cryolite/
Silver on Fused Silica (Cemented With APCO R313)

Mooney, T.A., and Smajkicwicz, A., Transmittance
Measurements of Ultraviolet and  Visible
Wavelength Filters Flown Aboard LDEF, LDEF
First Post-Retrieval Symposium, Part 3. p. 1511
AO-147

Slight reduction in transmittance.
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Figure E.86. Pre-Launch and Post-Recovery Transmission of Low Index Ratio
Quarter-Wave Blocking ZnSe¢/ZnS/KRS-5 on KRS-6 Substrate

e AP A R O
REFERENCE: Hawkins, G.., Sceley, John S., Hunneman, R.,
Exposure to Space Radiation of High-Performance
Infrared Mulillayer  Filters and  Materials
Technology Experiment, LDEF Firs! Post-Retri¢val
Symposium, p. 1477
EXPERIMENT: A0056
COMMENTS: Reduced transmission.
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Figure E.87. Pre-Launch and Post-Recovery Transmission of PbTe/ZnS on Ge Substrate
15pum 10% HBW L-Space THW Band-Pass Filter

REFERENCE:

EXPERIMENT:
COMMENTS:

Hawkins, G.J., Seeley, John S., Hunneman, R,
Exposure to Space Radiation of High-Performance
Infrared  Multilayer  Filters and Materials
Technology Experiment, L.DEF First Post-Retrieval
Symposium, p. 1477

AD056

No significant changes in {ransmission or spectral
position.
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Figure E.88. Pre-Laurnch and Post-Recovery Transmission of PbTe/ZnS 8-12 ym
Tschebyshev Edge Band-Pass Filter (Antireflected) on Ge Substrate
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REFERENCE: Hawkins, GJ., Seeley, John S., Hunneman, R.,
Exposure to Space Radiation of High-Performance
Infrared Multilayer Filters and Maferials
Technology Experiment, LDEF First Post-Retrieval
Symposium, p. 1477

EXPERIMENT: AQO56
COMMENTS: No significant changes in transmission or spectral
position,

/
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Figure E.89. Pre-Launch and Post-Recovery Transiission of PbTe/ZaS on Ge Substrate
14.5pm 0.7% HBW Split-Spacer Fabry-Perot Band-Pass Filter

L~ . . ., &5 - __________________________- |
REFERENCE: Hawkins, GJ Seeiey, John §., Hunncman, R.,
Exposure to S,ace Radiation of High-Performance
Infrared Multilayer Filters and Materials
Technology Experiment, LDEF First Post-Retrieval
Symposium, p. 1477
- EXPERIMENT: A0056
e COMMENTS: No significant changes in transmission or spectral
ey position.
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Appendix E, LDEF Photographs and Data References

i
.

© 0o o 000 e Qo0

N WA Uy N @ U O

820 NM INTERFERENCE FI! TER
ON GLRSS SUBSTRATES (cemented)
FLICHT SRMPLES

_{
:
a
fr

. B

= —e e e S —

k_—

~ o e o e e — —r e - e s & ————— e —— ——— . — — . ——— rr——— — — [—

' .

e I

t .

b S e e s i s e

'

e

- L o . &

[~ - T - o IRt TSl S o By
— ] : - . -
- e - _ ) B ins.ce

- ermore-flicgny
o _

- _ imsLce
- . o _ {wemsocstilight

culsice

I M St o' e i i w——core-flight

BOO 805 810 815 820 825 830 835 840 outsice

WAVELENGTH (NANOMETER)

Figure E90. Pre-Launch and Post-Recovery Transmission of ZnS/Chiolite
on BK7G18 and RG780 Glasses (820 nm Interference Filter)

REFERENCE: Charlier, J., Vacuum Deposited Optical Coatings
Experiment, LDEF First Post-Retricval
Symposium, Part 3, p. 1343

EXPERIMENT: A0138-4

COMMENTS: Slight reduction in transmission and slight shift of

center wavelength to blue.
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o Figure E91. Impact Effects in Copper Mirrors @
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REFERENCE: Gyetvay, S., et al., Acrospace Corporation LDEF e

M0003 Sample Observation Data Base, 1993. @

s EXPERIMENT: M0003-2 ’ i
e COMMENTS: No damage to the substrate beyond area of impact.
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Figure E.92. Hazed And Corroded Surface of Low Scatter Ni Mirror

REFERENCE: Gyetvay, S., et al., Acrospace Corporation LDEF

E M0003 Sample Observation Data_Base, 1993,
Record #58
EXPERIMENT: M0003-11

COMMENTS: Many spots of corrosion on the surface are

surrounded by zoncs of discolored material.

E-93
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b

o Figure E93. Corrosion-Decorated Grain Boundaries in Surface of
o& Diamond-Turned Copper Substrate
S REFERENCE: Gyetvay, S., et al., Aerospace Corporation LDEF
T MOOO3 Sample Observation Dats Base, 1993,
w s Record #1135
’ EXPERIMENT: MO0003-2
COMMENTS: Sample appears hazy when viewed at a glancing

angle. There are many spots of corrosion,
especially where extraneous matter had contacted
ihe surface. Grain boundaries are appareni in the
copper surface; in some areas, thesc appear
decorated with residue. There are two rectangular
patches apparent on the surface where something
was placed on the surface preflight. The residuc
from a preflight fingerprint is near the sample
center.  Discolored residue 13 present near the
perimetcr of the sample where TFE tape, used as
4 liner around the sample, protruded onto the
surface.
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Appendix E, LDEF Photographs and Data References

Figure E.94, High Magnification View of Corrosion Spots on Surfacc of
Diamond Turned Copper Substrate

REFERENCE: Gyetvay. S., et al., Aerospace Corporation LDEF
MOD03 Sample Observation Data Base, 1993,
Record #1136

EXPERIMENT: M0003-2

COMMENTS: Sample appears hazy when viewed at a glancing
angle. There is a great deal of extrancous debris
on the surface, largely consisting of metallic film
flakes. The exposed surface appears darker when
viewed at normal incidence. panticularly around the
perimeier on the spaceward side.
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Figure E.95. Impact Effects in Nickel-Copper Mirrors

REFERENCE: Gyetvay, S., et al., Aerospace Corporation LDEF
M0003 Sample Observation Data Base, 1993.

EXFERIMENT: M0003-2

COMMENTS: Splatters of resolidified matter surrounding the
craters. Damage is similar to that seen in uncoated
copper.

-~ - - & " - - _ -]
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Figure E.96. Effect of a Micrometeoroid on Debris Impact on a Quartz-Siiver
Second Surface Mirror

REFERENCE: Mason, J.B., Dursch, H., Edelman, J., Overview of
the Systems Special Investigation Group
Investigation, LDEF  Sccond  Post-Retricval
Symposium, p. 1257

EXPERIMENT: A0038

COMMENTS: Micrometeoroid impact caused crater with several
large conchoidal areas adjacent {o impact site.
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—— Sense QCM#3| :
—— Ref QCM#4 .

Uncorrected Dilfuse Refleciance (%)

1000 1500 2000
Wavelength (nm)

REFERENCE:

EXPERIMENT:
COMMENTS:

Figure E.97. Diffuse Reflectance Spectra of In,0,/Al/Al O, Coated
Quartz Crystal Microbalance, LDEF Leading Edge

Stuckey, W.K., Radhakrishnan, G., and Wallace,
D., Post-Flight Analyses of the Crystals from the
M0003-14 Quariz Crystal Microbalance
Experiment, LDEF Second Post-Retrieval
Symposium, p. 1269

MO0G03-14

For all crystals, there is an increase in average
reflectance with increasing wavelength. Positions
of the wavelength maxima and minima in the
interference patterns are  shifted negligibl;.
Leading edge material (D9, active) showed nearly
identical modulation amplitudes.
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Figure E.98. Diffuse Reflectance Spectra of In,0,/Al/AL O, Coated
Quartz Crystai Microbalance, LDEF Trailing Edge

s 2 AL
REFERENCE: Stuckey, W.K., Radhakrishnan, G., and Wallace,
D., Post-Flight Analyses of the Crystals from the
MO0003-14 Quartz Crystal Microbalance
Experiment, LDEF  Second Post-Retrieval
Symposium, p. 1269
EXPERIMENT: MO0003-14
COMMENTS: For all crystals. there is an increase in average
reflcctance with increasing wavelength, Positions
of the wavclength maxima and minima in the
interference  patterns  are  shifted negligibly.
Trailing edge material (D3, active) expericnced
amplitude modulation in uncorrected  diffuse
reflectance  (probably duc  to  thickness
intereference).
A S S
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Figure E.99. Diffuse Reflectance Specira of ZnS/AVALQ, Coated
Quartz Crystal Microbalance, LDEF Leading Edge

s SO A

REFIRENCE: Stuckey, W.K., Radhakrishnan, G., and Wallace,
D.. Post-Flight Analyses of the Crystals from the
M0003-14 Quartz Crystal Microbalance
Experiment, LDEF Second Post-Retrieval
Symposiur, p. 1269

EXPERIMENT: MO0003-14

CCMMENTS: For all crystals, there is an increase in average
reflectance with increasing wavelength, Positions
of the wavelength maxima and minima in the
interference  patterns  are  shifted ncgligibly.
Leading edge material (D9, passive) showed
significant modulation amplitudes over entire

wavclength band.
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Figure E.100. Diffuse Reflectance Spectra of ZnS/Al/Al,0, Coated
Quartz Crystal Microbalance, LDEF Trailing Edge

REFERENCE: Stuckey, W.K., Radhakrishnan, G., and Wallace,
D., Post-Flight Analyses of the Ciystals from the
MO0003-14 Quartz Crystal Microbalance
Experiment, LDEF Second Post-Retrieval
Symposium, p. 1269

EXPERIMENT: MO003-14

COMMENTS: For all crystals, there is an increase in average
reflectance with increasing wavelength. Positions
of the wavelength maxima and minima in the
interference  patterns are shifted negligibly.
Trailing edge materia! (D3, passive) expenienced
amplitude modulation in uncorrccted diffuse
reflectance  (probably due to thickness

intereference).
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IVdS

Figure I.101. Microfractured and Contaminated Mark IIE Coating on 7940 Coverglass

REFERENCE: Gyetvay, S., et al., Aerospace Corporation LDEF

MO0OQ03_ Sample Obscrvation Data Basc, 1993,

Record #169
EXPERIMENT: M00G34 B
COMMENTS: Long, fine fractures through the covergiass emanate

from impact craters in the surface. Fractures
intersect defects in the coating swiface. Blisters or
droplets of condensate appear on the surface along
the fractures. Coating is microfractured and
1 flaking at the perimeter. Some large ruptured and
unruptured bubbles appear in the coating. A
coating or stain film on the reverse surface of the
coverglass appears to have ruptured. The reverse,
unexposed surface of the silicon wafer is silver-
- coated and is corroded and flaking.
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Appendix E, LDEF Photographs and Data References

Figure E.102. Macrophotograph of Hazed and Contaminated Mark IIIE Coating on
7940 Coverglass

REFERENCE; Gyetvay, S., et al., Acrospace Corporation LDEF
MO0Q3 Sample Observation Data Base, 1993,
Record #168

EXPERIMENT: M00034

COMMENTS: Long, fine fractures through the coverglass cmanate

from impact craters in the surface. Fractures
intersect detects in the coating surface. Blisters or
droplets of condensate appear on the surface along
the fractures. Coating is microfractured and
flaking at the perimeter. Some large ruptured and
unruptured bubbles appear in the coating. A
coating or stain film on the reverse surface of the
coverglass appears to have ruptured. The reverse,
unexposed surface of the silicon wafer is silver-
coated and is corroded and flaking,
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Figure E.103. Impact Crater, 1.25 mm Diameter, in Surface of Bare 7940 Coverglass

o S e T e B e AR ISR s T D

O N S A
3 REFERENCE: Gyectvay, S., et al., Aerospace Corporation LLDEF

M0003_Sample Observation Data_Base, 1993,
y Record #177

¥ EXPERIMENT: MOU034

COMMENTS: Long fractures through the coverglass emanaic
R from mpact craters in the surface.
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Figure E.104. Macrophotograph of Hazed and Contaminated 7940 Coverglass
with 1.25 mm Diameter Crater Cff-Center in Surface
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REFERENCE: Gyetvay, S., et al., Aerospace Corporation LDEF
MO00Q3 Sample Obscrvation Data Base, 1993,
Record #177

EXPERIMENT: MO0Q03-4

COMMENTS: Interference rings are apparent on the surface.
There is a large impact crater surrounded by
conchoidal fractures and radiating cracks in
coverglass. Apparent on D10 side are very minute
particles, which appear to be embedded in the
surface and have tails of radiating bright spots.
The reverse, uncxposed surface of the Si wafer is
silver-coated and is corroded and flaking.
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Figure E.105. Impact Crater, 1.25 mm Diameter, in Surface of Bare 7940 Coverglass

REFERENCE: Gyetvay, S., et al., Acrospace Corporation L.DEF
M0003 Sample Observaiion Data_Base, 1993,
Record #176
o EXPERIMENT: MO0O003 4
" COMMENTS: Front surface appears rclatively clean. despite

erosion of the retainer. Delamination of a coating

or film on the 1¢verse surface of the coverglass is

apparent. The reverse, unexposed surface of the

L silicon wafer is silver-coated and is corroded and
flaking.
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Figure E.106. Microcracked Mark IIID Coating on 7940 Coverglass

REFERENCE: Gyetvay, S., et al., Aerospace Comoration LDEF
M0003 Sample Observation Data Base, 1993,
Record #168 e
EXPERIMENT: M00034 A

COMMENTS: There arc paralicl fractures in the coverglass. ;

Faceted features appear on the surface along the
microfractures (may be nucleating oxide phases).
Dendritic growths are apparent. The reversc,
unexposed surrace of the silicon wafer is silver-
coated and is corroded and flaking.
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. Figure E.107. P17{0 Polysulfone/T300 Leading Edge 4
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REFERENCE: George, Pete E., and Hill, Sylvester G., Results @
\ From Analysis of Bocing Composite Specimens ‘ .
; Flown ou LDEF Experiment M0003, LDEF First -
Post-Retrieval Symposium, June 1991, p. 1134 4
EXPERIMENT: M0003-8 ® P
COMMENTS: Loss of material due to atomic oxygen exposure. @ A
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Appendix E, LDEF Photographs and Data References

Figure E.108. PMR-15 Polyimide/C6000 Graphite Leading Edge

REFERENCE: George, Pete E.. and Hill, Sylvester G.. Results
From Analysis of Bocing Composite Specimens
Flown on LDEF Experiment M(O003. LDEF First
Post-Retrieval Symposium. Junce 1991, p. 1135

EXPERIMENT: M0003-8

COMMENTS: Loss of malerial due to alomic 0Xygen exposure.
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(
Figure E.109. 934 Epoxy/T300 Graphite Leading Edge
L. 5 - - " ]
REFERENCE: George. Pete E., and Hill, Sylvesier G.. Results
rom Analysis of Bocing Composite Specimens
Flown on LDEF Experiment M0O003. LDEF First
Post-Retricval Symposium, June 1991, p. 1133
EXPERIMENT: MOO03-8
COMMENTS: Loss of material duc to atomic oxygen exposure.
L.~~~ - “..__~__"
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Figure E.110. Al-Coated Efficiency Curves

REFERENCE:

EXPERIMENT:
COMMENTS:

Bonnemason, Francis, Ruled and Holographic
Diffraction Gratings Experiment (AC138-5), LDEF
First Post-Reirieval Symposium, Junc 1991, p.
1301

AO138-5

Efficiency loss was less than 10 percent.
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R
TYPE H1.2 & Wi.2 (Pt coateq) ,:
wavelength 584 744 1218
(nm)
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180 120 18.0 Pogt-fiight P
08 27 77 Pro~light '
[¢] -1
08 28 49 Post-tagm
R
87 &t 39
D % 0
58 08 44
1 3
N 09 32 8.6
R -1
18 34 57
100 80 200
~ Y
9 80 7.0 150
L
.

Figure E.111. Pt-Coated Efficiency Data

L ... - - ' - -~ -~~~ "~‘" "~ '~ -~ -. "° ]
T ';_"‘ REFERENCE: Bonnemason, Francis, Ruled and Holographic
Diffraction Gratings Experiment (AQ138-5), LDEF
First Post-Retrieval Symposium, June 1991, p.

1301
EXPERIMENT: AO138-5
COMMENTS: Reflectivity loss was less than 2 percent.
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Figure E.112. Si/WRe Reflectivity Measurements

e e e =

REFERENCE: Delaboudiniere, J.P., Carabétian, Ch., and
Hochedez, J.F., In_Osbit Degradation of EUV
Optical Components in the Wavelength Range 10-
140 nm (A0138-3), LDEF Second Post-Retrieval
Symposium, June 1992, p. 1356.

EXPERIMENT: AO138-3

COMMENTS: Pre- and post-flight measurements are consistent.
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L 7 L -~ Tesicd AL 3S0° F L (# Tested) 0 X
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16.2 Mt NA MN.A. 0
4 .
Traling edge unstressed 2380 Kw 1760 Ksi T370Ksi 0
"B edge > 177 '.\1:- 164 Mst 10.5 Msi 0 !
4 4 4
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| 5 1 3 3
! E PREFLIGHT TENSION TRITRS E3.0 Koot 696 Rat e
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Figure E.113. Composite Materials Mechanical Test Resuits @
@
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i 9P
e — e
REFERENCE: George. Pete E., and Hill, Sylvester G., Results C'Y
From Analysis of Boeing Composite Specimens e
- Flown on LDEF Experiment M0003 O B
EXPERIMENT: MO0003-8 ) '
. COMMENTS: Pre- and post-flight tensile strengths are similar but
o below expectations, @
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Appendix E, LDEF Photographs and Data References

A0034 UV WINDOWS - LEADING EDGE

100
. CONTRCL l
30- s A & A A & A 4 a

so* /
70

60 -

50
40
A276
30—
20 ;

TRANSMITTANCE (%)

S13G S13GLO

O . 1
200 220 240 260 280 300 320 340 360 380 400
WAVELENGTH (nm)

Figure E.114. Thermal Control Generaied Transmission Loss: UV Window

:ﬁ REFERENCE: Linton, Roger C.. Kamenetzky, Rachel R.,

Reynolds, John M., and Burris, Charles L., LDEF
Experiment AQ034:  Atomic Oxveen Stimulated
Outgassing, LDEF First Post-Retrieval Symposium,
Junc 1991, p. 779

EXPERIMENT: AO034

3 COMMENTS: Contamination severely degraded transmission.
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Appendix E, LDEF Photographs and Data References
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Figure E.115. Hazed and Contaminated Reflective 350 nm Coating on 7940 Fused Silica

REFERENCE: Gyetvay, S., et al., Aerospace Corporation LDEF
MO003 Sample Observation Data Base, 1993,
Record #166

EXPERIMENT: MOG03 -4

COMMENTS: Perimeter is hazed. Coating is cracked and flaked.
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Appendix E, LDEF Photographs and Data References

Figure E.116. Hazed and Contaminated Reflective 350 nm Coating on Ceria

REFERENCE: Gyetvay. S., ct al.. Acrospace Corporation LDEF
M0003 Samplc Observation Data Base, 1993,
Record #166

EXPERIMENT: M0003-4

COMMENTS: Perimeter is hazed. Coating is cracked and flaked.
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